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Biological processes such as development, embryonic induction and specifi cation of cell lineages 
during early embryogenesis, involve changing patterns of gene expression that are tightly 
regulated by various molecular mechanisms. Th e structural and functional changes in chromatin 
and its interplay with the transcriptional machinery regulate and stabilize cell type-specifi c 
gene expression. Th is doctoral thesis contributes towards unraveling the relationship between 
chromatin structure, transcriptional regulation and the contribution of zygotic transcription 
factors during early embryonic development. Our fi ndings expand the knowledge on the 
infl uence of transcription factors on lineage specifi cation and deposition of epigenetic marks.  
FERTILIZATION TO GASTRULATION 
Development of a multi-cellular organism from a single-celled fertilized egg or oocyte is a 
complex and well-regulated process. Th is process begins with fertilization where two specialized 
and diff erentiated cells, the sperm and the egg, fuse together to form the totipotent zygote. A 
series of mitotic divisions post fertilization gives rise to numerous cells known as blastomeres. 
In Xenopus and zebrafi sh, synchronous cleavages of blastomeres are followed by asynchronous 
cell cycles with gap phases from the mid-blastula stage onward. Until a major transition, known 
as the mid-blastula transition (MBT), the zygotic genome remains transcriptionally silent and 
the embryo development is controlled by maternal mRNAs and proteins (Fig.1). Th e shift 
of transcriptional control to the zygote, also referred to as the maternal-to-zygotic transition 
(MZT), involves degradation of maternal products in addition to zygotic genome activation 
(ZGA) (Schulz & Harrison, 2019; Jukam et al, 2017a; Vastenhouw et al, 2019). 
Studies in Xenopus (Collart et al, 2014; Paranjpe et al, 2013; Owens et al, 2016) and zebrafi sh 
(Yang et al, 2013) have shown that zygotic transcription involves cohorts of genes activated at 
multiple developmental stages. ZGA is initiated during early cleavages and peak zygotic genome 
activity is observed at mid-blastula transition (MBT) (Heyn et al, 2014; Wei et al, 2012; Collart 
et al, 2014; Owens et al, 2016). Following ZGA, gastrulation occurs and undiff erentiated cells are 
specifi ed into three germ layers, such as ectoderm, mesoderm and endoderm through induction 
by maternal and zygotic signals (Fig. 1) (Kiecker et al, 2016). In terms of molecular mechanisms 
and signaling pathways, germ layer specifi cation is highly similar across Xenopus, zebrafi sh and 
mouse embryos, despite their morphological diff erences. In Xenopus, ectoderm is formed at the 
animal pole, mesoderm is induced at the equatorial region, and endoderm is maternally specifi ed 
at the vegetal region. Th e ectoderm gives rise to epidermis and nervous system; mesoderm to 
notochord, axial skeleton, kidneys and blood; endoderm forms gastrointestinal and respiratory 
systems.  Rapid cellular movement, rearrangement and patterning along the embryonic axes 
(anterior-posterior and dorso-ventral) and induction are key characteristics of the gastrulation 
stages (Kiecker et al, 2016). Classical experiments done by  Nieuwkoop and his colleagues on 
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amphibian embryos established the concept of embryonic induction and competence (Nieuwkoop, 
1973; Boterenbrood & Nieuwkoop, 1973). Early stages of research led to the identification 
of signals involved in mesoderm induction by endoderm and dorso-ventral axis formation. A 
gradient of Nodal-related TGF-β factors (Xnrs) mediates mesoderm induction: low doses lead 
to formation of ventral mesoderm whereas high dose leads to the establishment of Spemann-
Mangold organizer, which expresses genes such as chordin, noggin, and frzb1. Structurally and 
functionally, the Spemann-Mangold organizer is a non-homogeneous structure having the ability 
to acquire distinct fate-inducing properties and expression profiles. The organizer is a signaling 
center, is mainly involved in the dorsalization of mesoderm, neural induction of ectoderm and 
anteriorization of endoderm. A variety of zygotic proteins secreted by the organizer at the gastrula 
stage act as antagonists of the BMP and Wnt families of ligands. Transplantation experiments 
done by Hans Spemann and Hilde Mangold showed that the organizer is required and sufficient 
for the formation of the dorsal body axis. Transplantation to the ventral side of a host embryo 
leads to axis duplication. Moreover, Mangold and Spemann established the existence of distinct 
head and trunk organizer with region-specific induction properties (Spemann & Mangold, 
1924). The head and trunk organizer are located at the dorsal blastopore lip at early and late 
gastrulation stages. Inhibition of BMP signaling by chordamesoderm-expressed signaling 
molecules such as chrd, nog and follistin initiates trunk formation, whereas head induction 
requires dual inhibition of Wnt and BMP signaling by endomesoderm-expressed factors, such 
as dkk1, cer, frzb, chrd, nog and follistatin (Niehrs, 1999, 2001). Over the years, several studies 
have confirmed these organizers to have morphogenic and inductive properties crucial to the 
establishment of vertebrate body plan. The key inductive signaling events such as mesoderm 
induction, dorsal-ventral patterning and formation of organizer are well-described at a molecular 
level. However, it is unknown what determines how the cells respond to these signaling events. 












Fertilized egg 8 cells Mid-blastula Early gastrula
Figure 1: Fertilization to gastrulation. 
During the mid-blastula stage, the vegetally located transcription factor Vegt activates the expression of Nodal-related 
proteins in endoderm. A low dose of Nodal-related molecules leads to formation of ventral mesoderm and a high dose 
favors the establishment of Spemann organizer. During gastrulation, the organizer shapes the dorso-ventral and anterior-
posterior axes by releasing BMP and WNT antagonists. 
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CHROMATIN-BASED REGULATION OF EARLY DEVELOPMENT
Th e primary structural component of chromatin can be defi ned as 147 bp of DNA wrapped 
around a histone octamer, which constitutes a nucleosome (Kornberg & Th omas, 1974). 
Incorporation of histone variants and post-translational modifi cations (PTMs) alters DNA 
compaction and makes it a complex structure.  At the level of compaction, chromatin could be 
crudely classifi ed into euchromatin and heterochromatin. Euchromatin, being the decondensed 
form of DNA, is considered to be transcriptionally active, whereas heterochromatin is composed 
of nucleosomes joined by linker proteins making it highly compact and transcriptionally 
inactive. Th e nucleosome core histone proteins (H2A, H2B, H3 and H4) are functionally 
known to impede transcription (Wasylyk et al, 1979; Lee et al, 1993). Th is impediment happens 
through the level of compactness and bending of the DNA which physically obstructs the 
interaction of proteins like Pol II and other transcription factors (TFs) with regulatory regions. 
Transcription begins when RNA polymerase II (Pol II) is recruited to gene promoters by 
transcription factors and components of the general transcription machinery such as TFIID, 
TFIIA, and TFIIB.  After initiation of transcription, the carboxy-terminal domain of Pol II 
recruits factors for elongation and mRNA processing. However, histone variants and covalent 
modifi cations of the core histones tails can modify chromatin structure by making DNA more or 
less accessible to the transcriptional machinery. Some of the well-studied covalent modifi cations 
include phosphorylation, ubiquitinylation, acetylation, and methylation (Kouzarides, 2007). 
Modifi cations such as acetylation of histone H3 and histone H4, or mono-, di- or trimethylation 
of histone H3 at lysine 4 (H3K4me1, -me2, -me3) are associated with active transcription. By 
contrast, tri-methylation of histone H3 at lysine 27 or lysine 9 (H3K27me3, H3K9me3) marks 
repressive chromatin and is generally localized to inactive regulatory regions (Zhang et al, 2015).
Regulatory regions can be classifi ed as promoters and enhancers, wherein the former is involved 
in transcription initiation and the latter in the amplifi cation or activation of transcription 
(Haberle & Stark, 2018; Beagrie et al, 2017). Promoters are proximally-localized and feature 
a nucleosome-free region immediately upstream of the transcription start site (TSS). Pol II, 
combined with other factors, forms the RNA Pol II pre-initiation complex which binds to DNA 
in a region of +/- 50 base pairs (bp) around the TSS known as ‘core promoter’. In terms of 
chromatin architecture, active gene promoters are usually decorated with H3K4me3, H3K9ac 
and H3K27ac, whereas repressed genes are enriched for H3K27me3 and/or H3K9me3 (Igolkina 
et al, 2019) or are unmodifi ed with an inaccessible chromatin state, so-called ‘black chromatin’ 
(Van Steensel, 2011). Many gene promoters overlap CpG islands, thus having a high CG 
dinucleotide content in comparison to the enhancers (Andersson et al, 2014). 
Commonly categorized as distal-regulatory elements, enhancers are often far away from  the TSS 
of the target gene and their eff ect on gene expression is independent of their orientation (Khoury 
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& Gruss, 1983). Enhancer activity occurs via chromatin looping during which the DNA forms 
loops to bring the enhancer close to the core promoter (Pennacchio et al, 2013). Similar to 
promoters, enhancers can also be classified into active, primed and repressed regulatory elements. 
Enhancers are enriched for histone variants H3.3 and H2A.Z which render the nucleosome 
less stably associated with DNA. Active enhancers generally display high levels of mono- or di-
methylation on H3 lysine 4 (H3K4me1/2) and H3K27ac. Repressed enhancers are enriched for 
H3K27me3 and are observed from the early stages of embryogenesis onwards (Calo & Wysocka, 
2013). Acetylation of histone H3 lysine 27 residues (H3K27ac) distinguishes active enhancers 
from poised/inactive enhancers. Transcriptional coactivators associated with enhancers, such 
as p300/CBP, interact with sequence-dependent transcriptional regulators and the general 
transcriptional machinery (May et al, 2012; Visel et al, 2009). Both p300 and CBP display 
acetyltransferase activity towards tails of histones, mediating H3K27 acetylation. Chromatin 
modifications such as H3K27ac modulate promoter-enhancer accessibility, and accessible 
chromatin serves as an important feature for identifying and defining the regulatory regions 
accessed by transcription factor and coactivators. 














Figure 2: Chromatin signatures. 
The distribution of histone modifications and chromatin accessibility defines active and inactive regulatory regions 
of the genome. Inactive regulatory regions are compact (closed chromatin) whereas active regions are permissible to 
transcription and is more open. Active enhancers are decorated by H3K27ac and H3K4me1, and active promoters have 
high deposition of H3K4me3 and H3K27ac. RNA Pol II is found in actively transcribed gene bodies, where it deposits 
H3K36me3 during elongation.  
ACCESSIBLE CHROMATIN AND TRANSCRIPTION FACTORS 
The degree of physical access to DNA is mainly determined by post-translational modifications, 
nucleosome occupancy, and compaction. Genome-wide characterization techniques like 
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 DNase I hypersensitive site sequencing (DNase-seq), formaldehyde-assisted  isolation 
of regulatory elements (FAIRE-seq), and the  assay for transposase accessible chromatin (ATAC-
seq) (Boyle et al, 2008; Buenrostro et al, 2015; Giresi et al, 2007) have utilized the property of open 
chromatin being susceptible to active cleavage in order to map accessible chromatin. For example, 
ATAC-seq uses hyperactive mutated Tn5 transposase with pre-loaded Illumina sequencing 
adapters to cleave and integrate adapter sequences into accessible chromatin regions.  Th erefore, 
this feature of chromatin accessibility is predominantly utilized to identify the regulatory regions 
such as promoters and enhancers, without a need for genome-wide profi ling of a large number of 
transcription factors (TFs). Epigenomic studies have illustrated promoters to be accessible across 
a broad range of cell types, while distal enhancers often display cell type-restricted accessibility. 
Enhancers, being more dynamic, can functionally regulate cell type-specifi c or lineage-restricted 
gene expression (Boland et al, 2014; Heintzman et al, 2009; Hnisz et al, 2013). Several studies 
focusing on early embryogenesis of D. melanogaster, examined enhancer accessibility dynamics 
across temporal and spatial axes of development. Th ese studies demonstrated regulatory elements 
to have open chromatin irrespective of their activity. However, active enhancers are usually bound 
by co-activator  p300 histone acetyltransferase and show elevated accessibility when compared to 
the inactive state (Fig. 2). In the spatial domain of the embryo where the enhancer is active, 
the enhancer is characterized by elevated chromatin accessibility and binding by transcription 
factors. However, a reduced accessibility of the enhancer is observed in spatial domains where 
the enhancer is inactive and these transcription factors are not expressed. Historically, chromatin 
accessibility at regulatory regions has been linked to active transcription. But recent studies have 
shown that during zygotic genome activation in Drosophila embryos, genes with open regulatory 
region stay transcriptionally inactive until later stages, suggesting accessibility to be necessary but 
not suffi  cient for transcriptional regulation (Dogan et al, 2015; Corces et al, 2016). Emerging 
evidence supports the presence of a multilayered regulatory mechanism and a synergistic 
defi nition of chromatin state by various epigenetic features. In addition to defi ning a repertoire 
of putative regulatory regions across the genome, profi ling of TFs has demonstrated that cell 
type-specifi c chromatin accessibility highly correlates with TF-DNA occupancy. Th is raises the 
question of how well cell type-specifi c chromatin features can predict TF binding events.
CONTEXT-SPECIFIC TRANSCRIPTION FACTOR BINDING
Transcription factors usually bind to short DNA sequences ranging between 6-20 base pairs 
(motifs). Transcriptional regulation involves the binding of TFs, which in turn recruit co-factors 
to that interact with RNA Polymerase II at core promoters and activate transcription. In general, 
TFs have overlapping temporal and spatial expression domains during embryogenesis, and their 
combinatorial binding results in precise and restrictive transcriptional regulation.  Studies on 
reprogramming and embryogenesis have identifi ed that transcriptional regulation and cell fate 
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commitment are driven rarely by individual activity of factors, but mostly by combinatorial 
activity of TFs. In embryonic stem (ES) cells, Sox2 enables binding of Oct4, whereas during 
reprogramming Oct4, Sox2, and Klf4 enable the binding of cMyc (Van Bömmel, 2014; Chen et 
al, 2014). Combinatorial binding of TFs enables cell type-specific binding as TFs are redirected 
to different binding sites in different cell types. Here, the co-occurrence of recognition sequences 
from partner TFs enables cell type-specific binding when the respective TFs are present. An 
example for such differential binding is observed in Drosophila, where the TF Twist binds to 
sites co-bound by Zelda during early embryogenesis, but shows binding preference to sites co-
bound by different factors during later stages of development (Yáñez-Cuna et al, 2012; Reiter et 
al, 2017). Such recurrent use of cell type-restricted TFs has also been observed during Xenopus 
development: Pax6 is expressed in the otic placode and pronephric mesenchyme and Foxji is 
expressed in ciliated epidermis and the floor plate of neural rube (Briggs et al, 2018). These 
results show how cohorts of TFs that define cell-specific gene expression programs, can be reused 
in distant cell types and developmental stages. 
TF complexes generally compete with histones and other chromatin-binding proteins that 
modify nucleosome occupancy and subsequently permit local access to DNA (Thurman et 
al, 2012; Krebs et al, 2017). In the context of accessibility remodeling, TFs can make use of 
nucleosome turn-over events to gain access to histone-bound DNA. For example, transcription 
factors such as C/EBPβ, when expressed, have been shown to successfully increase chromatin 
accessibility via nucleosome exclusion (Di Stefano et al, 2014). Here, an increase in local 
chromatin accessibility is achieved by the recruitment of other TFs and cofactors by histone-
competing TFs. Another example for accessibility remodeling during development is seen in 
zebrafish where competitive exclusion of histones by TFs initiate zygotic genome activation 
(Jukam et al, 2017b). Another mode of accessibility control demonstrated in recent studies is 
by proteins known as pioneering transcription factors. They are capable of interacting directly 
with DNA sequences within nucleosomal DNA to facilitate the recruitment of chromatin 
remodelers and non-pioneer transcription factors. Even though the mechanistic functioning of 
these factors is unclear, a few studies have convincingly demonstrated that direct binding of 
the TFs to nucleosomes mediate independent histone displacement or mediate the recruitment 
of ATP-dependent chromatin modelers. In Drosophila, the maternal transcription factor Zelda 
plays a primary role in the activation of zygotic genome. Apart from increasing and maintaining 
enhancer accessibility, Zelda also facilitates the binding of the Bicoid (Bcd) and Dorsal (Dl) 
proteins to target enhancers (Harrison et al, 2011; Liang et al, 2008; Nien et al, 2011). However 
not all factors possess unrestricted access to inactive or repressed chromatin sites, as some factors 
only bind to transiently accessible DNA.  For example, pioneering factor FOXA1 has been shown 
to displace linker histones instead of core histone particles, by binding to the inter-nucleosomal 
DNA and recruiting active chromatin remodelers (Zaret & Carroll, 2011). PU.1, a canonical 
pioneering factor, binds only to the minority of its target sites, thus showing a passive target 
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selection (Barozzi et al, 2014). Overall, these observations suggest that pioneering factors have a 
key role in initiating accessibility remodeling to facilitate signifi cant epigenetic alterations. When 
combined with other mapping techniques, genome-wide chromatin accessibility assays prove to 
be crucial in identifying regulatory regions without prior knowledge of TF binding.
In summary, cellular heterogeneity during development is tightly regulated by the underlying 
chromatin environment and how it alters to the transcriptional machinery.  Understanding how 
TFs coordinate with chromatin features should allow us to deeply comprehend transcriptional 
regulation during development, which is the subject of this thesis.  
THESIS OUTLINE
In Chapter 2 we review the role of transcription factors and chromatin in the regulation of 
reprogramming and diff erentiation. Additionally, we also discuss the chromatin barriers that 
play a key role in such regulatory mechanisms. In order to study accessible chromatin in 
Xenopus embryos, we adapted and implemented an ATAC-seq protocol, which is described in 
detail in Chapter 3. Th ere we discuss both the protocol and the downstream analysis of ATAC-
sequencing data. In Chapter 4, we investigate the relationship between chromatin accessibility 
and spatially restricted gene expression in the emergence of cellular heterogeneity during 
gastrulation.  Integrated analysis of single cell chromatin accessibility and transcriptome data 
led to the identifi cation of driver TFs, which on functional validation displayed combinatorial 
cooperativity in the induction of zygotic gene expression, mimicking the gene expression pattern 
observed in the organizer region of the embryo. Furthermore, in Chapter 5 we expand our 
understanding of the direct eff ect of zygotic transcription on chromatin state. Here we explore 
the infl uence of maternal and zygotic gene products on the deposition of histone marks and 
chromatin accessibility. Finally, in Chapter 6 we discuss the results presented in this thesis and 
compare it with related studies.
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ABSTRACT
Reprogramming to induced pluripotency through expression of OCT4, SOX2, KLF4, MYC 
(OSKM) factors is often considered the dediff erentiation of somatic cells. Th is would suggest 
that reprogramming represents the reversal of embryonic diff erentiation. Indeed, molecular 
events involving the activity of the pluripotency network occur in opposite directions. However, 
reprogramming and development substantially diff er as OSKM bind to accessible regulatory 
elements in the genome of somatic cells due to their overexpression, including regulatory 
elements never bound by these factors during normal diff erentiation. In addition, rewiring the 
transcriptional network back to pluripotency involves overcoming molecular barriers that protect 
or stabilize the somatic identity, whereas extrinsic and intrinsic cues will drive diff erentiation in an 
energetically favorable landscape in the embryo. Th is review focuses on how cell fate transitions 
in reprogramming and development are diff erentially governed by interactions between 
transcription factors and chromatin. We also discuss how these interactions shape chromatin 
architecture and the transcriptional output. Major technological advances have resulted in a 
better understanding of both diff erentiation and reprogramming, which is essential to exploit 
reprogramming regimes for regenerative medicine. 
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1  iPSC - induced pluripotent stem cells ESC  - embryonic stem cells
 TF- transcription factor
 OSKM – OCT4, SOX2, KLF4, c-MYC
 CRE – cis-regulatory elements
 TAD – topologically associated domain
 NPC – Neural progenitors
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Diff erentiation and reprogramming, two sides of the same coin?
Exploring the mechanisms underlying development and diff erentiation involves detailed 
characterization of chromatin state, key transcriptional regulators and chromatin architecture. 
Fertilization of the egg by sperm gives rise to a single-cell embryo, the zygote. After a several 
cell divisions, cells go through the fi rst lineage commitment to become either embryonic or 
extraembryonic tissue. Th e earliest stages are under maternal control with key proteins and RNA 
molecules provided in the egg by the mother, until zygotic genome activation occurs. During 
gastrulation the three embryonic germ layers are formed to give rise to specifi c tissues in the adult 
body. Th ese lineage specifi cation and patterning processes are governed by both cell-intrinsic 
factors (maternal and embryonic determinants, metabolism, epigenetics) and extrinsic infl uences 
(signaling, biomechanical forces). One of the foundations of the cellular changes required for 
these processes in embryonic development is control of gene expression.
Complementing insights from both early embryonic development and reprogramming to 
induced pluripotent stem cells (iPSC) in vitro from fully diff erentiated lineages, has revealed 
the remarkable plasticity of the genome  (Smith et al, 2016; Apostolou & Stadtfeld, 2018). 
Chromatin-associated changes in transcription regulation play a signifi cant role in conferring this 
plasticity and are brought about by diff erent mechanisms, including DNA accessibility, chromatin 
modifi cations and transcription factor (TF) networks (Perino & Veenstra, 2016; Xu et al, 2016). 
Higher-order chromatin architecture and local chromatin contacts also illustrate important 
aspects of transcriptional regulation in cell fate decisions (Rowley & Corces, 2018; Steensel 
& Furlong, 2019). Despite extensive research in each of these individual fi elds, how changes 
in chromatin architecture, regulation via TFs, enhancer activity, and histone modifi cations are 
interconnected to orchestrate cellular identities is still not well understood. 
Th is review focuses on cell fate transitions, providing complementary perspectives of transitions 
during reprogramming and developmental diff erentiation. We will contrast two processes which 
are often considered each other’s inverse: 1) the diff erentiation of pluripotent cells in the inner 
cell mass of the blastocyst into diff erentiated cell types, and 2) cellular reprogramming, in which 
expression of pluripotency associated TFs (OSKM) in a diff erentiated cell yields a pluripotent 
cell type. 
Molecular events occurring during early embryonic diff erentiation include gradual silencing of 
pluripotency genes and activation of specifi c developmental programs. iPSC generation could 
be perceived as the reversal of this process. In fact, the concept of iPS reprogramming is often 
illustrated using the so-called ‘Waddington’s landscape’ where the diff erentiated cell is ‘rolled 
back up the hill’. Th is view implies that the molecular barriers to reach any of the two cellular 
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states (diff erentiated vs. pluripotent) are equivalent, albeit encountered in reverse order (Figure 1, 
scenario A). An alternative possibility is that reprogramming and diff erentiation do not encounter 
the same molecular landscapes, and thus follow diff erent paths (Figure 1, scenarios B-C).  During 
diff erentiation, pluripotent cells encounter barriers that are relatively easy to overcome, because 
the intrinsic and extrinsic developmental cues (e.g. signaling factors, cell migration) will push the 
cells towards diff erentiation (Figure 1B). On the other hand, diff erentiated cells are quite stable 
by the action of, amongst other mechanisms, transcription factor networks containing positive 
feedback loops, as well as epigenomic modifi cations (Figure 1C) (Shchuka et al, 2015; Chen 
& Dent, 2014). Recently it has been shown that trans-diff erentiation, which is the conversion 
from one diff erentiated cell type to another, naturally occurs in vivo during liver and heart 
regeneration (Srivastava & DeWitt, 2016). Th ese fi ndings illustrate the remarkable plasticity of 
the genome. However, the molecular barriers that diff erentiated cells encounter to reprogram 






















Figure 1. Reprogramming and diff erentiation, two sides of the same coin?
A. Diff erentiated and pluripotent cells obtain their identity from the activity of self-reinforcing gene regulatory networks 
that inhibit the activity of regulatory networks of alternative states. Th e change or perturbation that is required to 
transit from one cell state to another can be depicted as a barrier, in which the y-axis represents a deviation from a stable 
regulatory state, akin to activation thresholds in chemical reactions or diff erences in height the Waddington epigenetic 
landscape. Th e x-axis represents time during a cell state transition such as diff erentiation (panel B) or reprogramming 
(panel B). During normal development and diff erentiation, developmental cues, for example signaling factors, destabilize 
the pluripotency network, lowering the barriers such that cells can acquire a new state under the infl uence of a diff erent 
regulatory network. C. Th e diff erentiated state is quite stable in vivo with strong barriers that normally prevent cells to 
reestablish pluripotency. Reprogramming by OSKM TFs lowers the barriers to some extent, but it is still an ineffi  cient 
process. Complex molecular processes, including interactions of chromatin with TFs, govern this transition, and the 
molecular path to pluripotency is often not a simple reverse of diff erentiation (see text).
To shed more light on how development and reprogramming relate to each other mechanistically, 
we will discuss pioneering factors and how nuclear microenvironments facilitate TF binding 
effi  ciency and activity. Furthermore, we discuss emerging concepts in chromatin architecture 
and topology, and how they relate to transcription during reprogramming and development. 
We highlight recent eff orts on connecting diff erent areas on chromatin biology to address 
transcriptional regulation. Finally, we discuss technologies and concepts that could guide future 
563511-L-bw-Briht
Processed on: 23-7-2021 PDF page: 27
Th e interplay of chromatin and TFs during development and reprogramming
27
2
endeavors towards understanding which molecular and transcriptional routes are common and 
which are unique to developmental and experimental cell fate transitions.
PIONEER FACTORS AND COOPERATIVE TRANSCRIPTION FACTOR 
BINDING 
Th e genome is tightly packed into chromatin with the gene regulatory information encoded in 
the cis-regulatory elements (CREs). TFs and other key regulators bind to specifi c motifs within 
these CREs to activate or repress transcription. However, chromatin restricts binding of most 
TFs to motifs within accessible CREs (Th urman et al, 2012). Several models have been proposed 
to explain how chromatin-accessible regions are established (Klemm et al, 2019). At relatively 
high TF concentrations, TFs may displace nucleosomes at CREs in a mass-action model of 
competition of TFs with nucleosomes. In other cases, so-called ‘pioneer’ TFs can bind to DNA 
sequences within nucleosomal chromatin to enable other TFs, cofactors, chromatin-modifying 
and remodeling enzymes to subsequently bind and initialize new transcriptional programs 
driving major fate decisions (Zaret, 2018).  Th e underlying mechanisms employed by pioneer 
factors may vary, and the term pioneer factor has also been used to simply refer to proteins that 
are the fi rst to bind to a CRE during remodeling of chromatin accessibility (Klemm et al, 2019). 
Here we will use the term ‘pioneer factor’ in a relatively loose, functional sense and will mention 
structural features and chromatin-binding properties where applicable.
Many proteins in this functional category constitute key developmental regulators. For instance 
OCT4, SOX2, FOXA, GATA4 in human and mouse(Soufi  et al, 2015; Cirillo et al, 2002; Zaret, 
2018) and ZLD and GRH in Drosophila, have been reported to have pioneering activity (Sun 
et al, 2015; Schulz et al, 2015; Jacobs et al, 2018). TFs of the FOXA family were the fi rst ones 
to be defi ned as pioneering factors for their property to bind to nucleosomal DNA embedded 
in closed, relatively inaccessible chromatin, and eventually making it accessible (Cirillo et al, 
2002). A recent study compared activities of diff erent pioneering factors by ectopically 
overexpressing them in fi broblasts. Th is revealed that that co-expression of GATA4 stabilized 
FOXA2 binding and that, when expressed individually, these factors displayed a relatively low-
level binding at many of their lineage targets embedded in inaccessible chromatin, compared 
to when these factors were co-expressed (Figure 2A) (Donaghey et al, 2018). Interestingly, 
FOXA and GATA4 factors are key players in endoderm specifi cation (Le lay & Kaestner, 2010; 
Bossard & Zaret, 1998) and have been exploited for direct lineage conversion from fi broblasts 
to hepatocytes (Huang et al, 2011; Sekiya & Suzuki, 2011). Th e Yamanaka reprogramming 
factors OSK (OCT4, SOX2, KLF4) have been proposed to have pioneering activity as well 
(Soufi  et al, 2015). Th e purifi ed proteins can independently target partial or degenerate motifs 
at nucleosomal regions. However, these factors could only bind to their full canonical motifs in 
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the absence of nucleosomes at their target sites (Soufi  et al, 2015). In addition, OCT4 on its 
own exploits either open chromatin regions in cell-type specifi c targets (Donaghey et al, 2018) 
or is recruited by other factors, such as SOX2 (Figure 2B) (Chen et al, 2014; Chronis et al, 
2017). Th ese fi ndings would argue against strict classifi cation of OCT4 as a pioneer factor in 
a mechanistic sense. Yet, in a context-dependent manner, OCT4 can aid in making chromatin 









































































OCT4 exploits already open chromatin
OCT4 recruited by other factors 
to nucleosome-embed chromatin
Figure 2. Ectopic expression of transcription factors reveals diff erent   mechanisms of pioneer transcription factors.
A. When pioneer TFs FOXA or GATA4 are overexpressed in fi broblasts (upper and middle panels), they individually 
display low enrichment levels at a proportion of targets, where they seem to bind with low affi  nity. Once these two factors 
are co-expressed, FOXA binding is stabilized by GATA4 and there is an increase in enrichment for both factors in such 
genome targets  (Donaghey et al, 2018), but also display cooperative binding (Chronis et al, 2017b). Interestingly no 
nucleosome displacement was observed in these examples (Donaghey et al, 2018). B. Evidence suggests that OCT4 does 
not bind directly to closed chromatin, instead, it is recruited to it by other factors such as SOX2 (left) (Chen et al, 2014b; 
Chronis et al, 2017b), or it exploits already open chromatin (right) .
Th ere are many examples in which the interaction between diff erent TFs plays a crucial role 
in controlling the binding dynamics and shaping the chromatin landscape. Recent studies 
showed that the pioneering factor FOXA interacts with nuclear receptors to establish hormone-
responsive gene regulatory networks, mainly by opening up a subset of enhancers and recruiting 
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nuclear receptors subsequently; this mechanism has been referred to as ‘assisted loading’ (Carroll 
et al, 2005; Voss et al, 2011). On the other hand, ‘settler factors’, such as HNF1A need open 
chromatin to bind (Donaghey et al, 2018), whereas ‘migrant TFs’ only bind to a subset of their 
target sites, even when DNA is accessible, and this restricted binding may be infl uenced by 
interactions with cofactors (Ehsani et al, 2016).  Assisted loading and settler factors represent 
diff erent ways of explaining how pioneering and other factors interact with chromatin and with 
each other at regulatory elements (Mayran & Drouin, 2018).
Th e term ‘cooperative binding’ has been employed to defi ne OSK binding during reprogramming 
(Chronis et al, 2017) where concerted binding of at least two of these TFs is required to promote 
the accessibility of pluripotency-associated enhancers (Figure 3B). Individual OSK factors 
could not open pluripotency enhancers but were capable of silencing somatic enhancers by 
exploiting the open chromatin state of the somatic enhancers to initiate their silencing (Figure 
3C) (Chronis et al, 2017). Further evidence supporting this notion comes from an independent 
report showing that OCT4, when ectopically expressed in fi broblasts, indeed binds to accessible 
chromatin (Figure 2B) (Donaghey et al, 2018). In ESC, chromatin is made accessible by OCT4 
only with the help of the ATP-dependent chromatin remodeler BRG1 (De Dieuleveult et al, 
2016). Here, nucleosomes are remodeled by BRG1, which eventually helps OCT4 to act as a 
pioneer TF. Additionally, this potentially allows other (non-pioneer) TFs to bind to the genome 
at these positions. Other work showed that, individually, OCT4 and SOX2 also bind to closed 
chromatin regions in MEFs and early reprogramming intermediates, whereas they are recruited 
to open and unmethylated regions by KLF4 (Knaupp et al, 2017; Li et al, 2017).
Related to the concept of pioneer activity is ‘pre-marking’, referring to TF occupancy in inactive 
enhancers to facilitate eventual further activation in particular lineages. For instance, in ES cells, 
inactive cell lineage-restricted enhancers are bound by one or two pluripotency factors (ESRRB, 
NANOG, SOX2 or OCT4) (Figure 3A). Th ese pre-marking binding events, were found to be 
required to activate lineage-specifi c enhancers upon diff erentiation (Figure 3A)(Kim et al, 2018). 
For instance, when an ESRRB binding site is mutated, the aff ected macrophage enhancer does 
not become active when ESCs are diff erentiated. Moreover, the macrophage TF PU.1 was not able 
to bind to the enhancer, H3K4me2 was signifi cantly reduced, and the corresponding enhancer 
RNA (eRNA) was not transcribed in the absence of the ESRRB binding site (Kim et al, 2018). 
Similarly, deletion of ESRRB or SOX2 binding sites in neural-restricted enhancers, inhibited the 
corresponding eRNA transcription during ESC-to-neural progenitor diff erentiation (Kim et al, 
2018).  Th e combination and expression level of TFs determine enhancer activity, as was observed 
for active pluripotency enhancers where multiple pluripotency factors in diff erent combinations 
bind (Figure 3B) (Kim et al, 2018). Likewise, during reprogramming, somatic TFs (RUNX1, 
CEBPA/B and FRA1) not only occupy MEF-enhancers, but they also relocate to pluripotency 
enhancers (still inactive at that point) co-occupied by OSK at 48h of reprogramming. Th is 
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priming event could either prevent premature activation of specifi c pluripotency genes, or aid 
activation in later stages (Figure 3B) (Chronis et al, 2017).  Binding of additional factors, such 
as NANOG and ESSRB, to a subset of OSK bound enhancers helps in completing activation in 
later stages (Chronis et al, 2017). 










Figure 3. Premarking and cooperative binding of transcription factors in diff erentiation and reprogramming
A. In pluripotent stem cells (ESCs), one or two pluripotency factors (green) bind somatic enhancers (pink) to premark 
them for later activation (Kim et al, 2018b). Upon diff erentiation, somatic TFs (magenta) could bind to these premarked 
regions, probably recruiting co-activators (orange) and other lineage-specifi c TFs (magenta), which would aid in full 
enhancer activation. B. During intermediate stages of reprogramming, pluripotency enhancers (yellow) are co-bound 
by pluripotency TFs (green) as well as somatic-TFs (magenta) (Chronis et al, 2017b). Possibly, this could prevent 
premature activation of corresponding genes (Chronis et al, 2017b). During later stages, the recruitment of co-activators 
(orange) and more pluripotency TFs allows full activation of pluripotency enhancers. Indeed in ESCs, pluripotency 
active enhancers are occupied by at least 4-12 pluripotency TFs (Kim et al, 2018b)[32]. C. Transcriptional silencing of 
somatic enhancers (pink) during reprogramming involves in part relocation of somatic TFs (magenta) and recruitment 
of reprogramming factors (green) (Chronis et al, 2017b). Recruitment of co-repressors (brown), at least in part, mediates 
enhancer silencing (Chronis et al, 2017b).
It is important to note that ‘canonical’ pioneer activity of a TF is not mutually exclusive with 
this ‘pre-marking’ activity. In fact, the latter may be interpreted as a form of ‘stalled pioneering’, 
where a TF is waiting for extra cues (e.g. extracellular signals) to become fully functional on 
these pre-marked regions. In that light, one would predict these regions to overlap with so-called 
‘primed enhancers’ (Heinz et al, 2015). Th is may be relevant for explaining the transition from the 
deterministic phase of reprogramming, in which most cells acquire a pre-iPS state, to a stochastic 
phase of reprogramming, in which a small percentage of cells proceed to pluripotency depending 
on additional environmental cues. Part of the required pioneering activity of the OSKM factors 
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during iPS reprogramming may be a pre-marking event in the majority of cells. Consistent with 
such a scenario, iPS reprogramming protocols involving signaling modulation (using chemical 
inhibitors), have proven to boost reprogramming effi  ciency (Maherali & Hochedlinger, 2009; 
Vidal et al, 2014; Bar-Nur et al, 2014).
Th ese recent fi ndings suggest that pluripotency-associated TFs, as well as somatic-lineage factors, 
have dual roles as repressors and activators during cell fate transitions (Figure 3). Moreover, as 
these factors tend to bind accessible regions in addition to opening up new regulatory regions, 
the molecular paths of diff erent combinations and concentrations of TFs, chromatin factors and 
DNA, can shape nuclear microenvironments that either reinforce the transcriptional network, or 
repress other cellular identities. 
TRANSCRIPTION FACTORS CAN CREATE A PERMISSIVE NUCLEAR 
MICROENVIRONMENT 
Th e above-suggested mechanisms show that TF binding can be facilitated by pre-established 
chromatin states or by other factors already bound to DNA. One of the critical questions is 
to what extent the prerequisites of binding depend on a local high concentration of TF within 
the nucleus, in foci that constitute a specialized nuclear microenvironment. Locally high 
concentrations of interacting molecules can create a microenvironment that can increase the 
effi  ciency of biochemical reactions (Ryu et al, 2018). 
Moreover, TFs and chromatin have ‘phase-separation’ properties in the nucleus (Hnisz et al, 
2017; Boija et al, 2018; Sabari et al, 2018). In this process, TF activation domains form polymers 
with diff erent densities and physicochemical properties from their immediate surrounding, 
inducing them to spatially segregate or aggregate. Clusters of binding sites could trap TFs and 
increase the dwell time, thus increasing the local protein concentration. Th e presence of TFs 
and co-factors and their cooperative binding also helps in stabilizing low-affi  nity binding events. 
Nuclear microenvironment studies are bringing together conventional chromatin regulation 
(TF biology, histone post-translational modifi cations, etc.) and 3D chromatin architecture. Th e 
next sections are dedicated to emerging concepts on chromatin architecture during embryonic 
development and reprogramming. In addition, we will highlight the eff ort of recent studies to 
bridge the knowledge gaps between TFs, transcriptional regulation and chromatin architecture 
in cell fate transitions. 
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GENOME ARCHITECTURE AND TRANSCRIPTIONAL REGULATION
Given the relevance of nuclear microenvironments for transcriptional regulation, it is essential 
to consider other layers of information provided by the 3D chromosomal topology. Our 
understanding of how linear genomes are folded in the nucleus and how these conformations 
relate to gene expression has changed dramatically in the last few years. 
Groups of nucleosomes assemble to form the chromatin polymer. The hierarchical folding model 
proposes that nucleosomes assemble to form the 30 nm fiber in the condensed state (Bonev & 
Cavalli, 2016). These models were based on X-ray images of in vitro purified chromatin, and 
currently, it is difficult to extrapolate this model to live cells.  Recent super-resolution microscopy 
studies in vivo have shown that nucleosome organization is not homogeneous (Ricci et al, 2015; 
Ou et al, 2017). Instead, chromatin resembles egg ‘clutches,’ with nucleosome clusters that vary 
in size and density. Heterochromatin clutches are nucleosome dense, and thus bigger compared 
to euchromatin clutches, which are smaller due to lower nucleosome density. Pluripotent stem 
cells tend to have more small clutches, presumably conferring more transcriptional plasticity 
and greater accessibility to the transcriptional machinery. In contrast, somatic cells harbor more 
heterochromatin (Ricci et al, 2015).  These findings highlight the need to study chromatin-
folding in the in vivo cellular environment. 
Chromatin-conformation-capture methods (C-methods, e.g. 3C, 4C, 5C, Hi-C) are rapidly 
evolving in gaining a more accurate understanding of chromatin organization in three-
dimensional space. Implementation of Hi-C techniques has provided fundamental insights into 
how the genome is organized into topologically associated domains (TADs) (Sexton et al, 2012; 
Dixon et al, 2012; Nora et al, 2012). TADs are genomic regions spanning 0.2 to 1 Mb displaying 
a high degree of physical contacts. Early studies initially suggested that TADs were largely 
structurally invariant across cell types (Dixon et al, 2012; Nora et al, 2012) and evolutionary 
conserved between mouse and human (Dixon et al, 2012). Their boundaries were found to be 
enriched with housekeeping genes, histone marks indicating transcriptional activity (Dixon et 
al, 2012), and the presence of RNA Polymerase II (Hug et al, 2017). TAD formation, however, 
does not require transcription. When transcription was inhibited in developing Drosophila and 
mouse embryos, TAD formation was not completely abolished (Hug et al, 2017; Ke et al, 2017; 
Du et al, 2017). Nonetheless, transcription does affect TAD insulation properties, promoting 
fewer interactions within domains and more interactions between domains (Hug et al, 2017). 
However, Hi-C mapping at very high resolution (up to 1-10 kb), has shown that the genome 
is partitioned into contact domains smaller than TADs (Rao et al, 2014; Rowley et al, 2017; 
Rowley & Corces, 2018).  Analysis of super high-resolution Hi-C maps together with GRO-seq 
(to measure nascent transcripts) suggests that the genome is compartmentalized in small gene 
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clusters with high contact frequencies among themselves, due to similar transcriptional activity. 
Such small domains are surrounded by larger domains of inactive chromatin (Rowley et al, 2017), 
similar to A-B compartments (transcriptionally active and inactive, respectively) (Lieberman-
Aiden et al, 2009) but on a much smaller scale. Th ese intra-TAD environments are also referred 
to as insulated neighborhoods. Th ese are chromatin loops enclosing 1-10 genes fl anked by CTCF 
binding, which promote enhancer-promoter contacts within the loop relative to adjacent regions 
(Rao et al, 2014; Phillips-Cremins et al, 2013; Hnisz et al, 2016). Interestingly, the role of CTCF 
in Drosophila is diff erent, as genome compartmentalization is not infl uenced by this factor 
(Rowley et al, 2017). Contrasting with earlier fi ndings on invariant TADs (Dixon et al, 2012; 
Nora et al, 2012; Dixon et al, 2015), this study showed obvious changes in domain formation 
across cell types with diff erent transcriptional activities for a particular locus (Rowley et al, 2017). 
In support of these fi ndings, independent work on mammalian neural development showed 
that, upon diff erentiation, there is an increase in TAD-boundary insulation, meaning fewer 
inter-TAD contacts although gene bodies of highly expressed genes are frequently interacting 
across TAD-boundaries (Bonev et al, 2017). Th ese new studies indicate that the 3D genome 
organization is more dynamic than previously appreciated and occurs concurrently with changes 
in transcription regulation driving cell fate changes.
Genome organization in reprogramming and its implications for transcriptional regulation
Somatic cell reprogramming is a good model to study how genome topology imposes barriers 
for cell fate transitions. A recent high-resolution 5C study compared chromatin interactions 
between ESC, iPSC derived from neural progenitors (NPCs) and NPCs. Th e authors focused 
on a set of neural and pluripotency loci that were expected to change upon reprogramming (e.g. 
Pou5f1 and Olig2) (Beagan et al, 2016). Th ese experiments revealed that a set of pluripotency-
associated interactions is not fully reacquired upon reprogramming. Notably, these regions were 
rich in CTCF binding in ESC, in contrast to low CTCF enrichment in diff erentiated NPCs. 
Upon reprogramming, CTCF binding was not effi  ciently restored to ESC levels in the iPSC 
clones, potentially leading to only partial recovery of pluripotent genome topology (Figure 4A).
Interestingly, these and other incomplete architectural and gene expression features can be 
reverted completely when culturing iPSC in 2i medium (Figure 4A) (Beagan et al, 2016), 
allowing the acquisition of ‘ground-state’ pluripotency of these cells. Th is could be related to 
DNA hypomethylation state in 2i (Habibi et al, 2013) and the inability of CTCF to bind to 
methylated DNA. Recently, Hi-C maps from ESCs and NPCs, diff erentiated from ESC, showed 
that NPC indeed acquired chromatin loops anchored by CTCF upon diff erentiation (Pękowska 
et al, 2018) (Figure 4B). Such loop domains had lower insulation strength – measured as the ratio 
of intra to inter domain contact frequencies - in ESC. Upon CTCF recruitment in NPCs, these 
regions spatially segregated and gained insulation. Notably, loci located within these domains 
did not show any immediate changes in gene expression (Figure 4B). However, enhancers and 
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genes important for adult brain function and cognition were highly enriched within such CTCF 
anchored chromatin loops (Pękowska et al, 2018). 
Reprogramming 2i culture
Partially reprogrammed 
chromatin contacts and 
gene expression
Restored chromatin 
contacts and gene 
expression


























Figure 4. Chromatin architecture, and transcription (factors) in reprogramming and diff erentiation.
A. Some pluripotency loops in iPS-clones derived from NPC are partially formed, when compared to ESC. Th ese partially 
reprogrammed chromatin loops are associated to high CTCF occupancy in ESC and low in NPC. After culturing iPSC 
in 2i the chromatin loops are fully formed, in comparable form as in ESC. Gene expression of genes within those 
loops is also partially restored in iPS and fully restored upon 2i culture conditions (Beagan et al, 2016). B. During 
diff erentiation from ESC to neural progenitors (NPCs), intra-TAD contacts (loops) increase for neural loci (Bonev et al, 
2017; Pękowska et al, 2018). Loop contact points overlap with binding of lineage-specifi c TFs (Bonev et al, 2017), but 
also with CTCF (Bonev et al, 2017; Pękowska et al, 2018).  Pluripotency-associated chromatin loops are stabilized by 
CTCF and most likely by pluripotency factors (Beagan et al, 2016; Stadhouders et al, 2018). Upon diff erentiation those 
contacts are lost (Bonev et al, 2017; Pękowska et al, 2018). Transcriptional changes are linked to changes in A (active) to 
B (inactive) compartments. Although chromatin contact formation/dissociation usually precedes transcriptional changes, 
other transcriptional responses occur concomitantly (Bonev et al, 2017; Pękowska et al, 2018; Stadhouders et al, 2018). 
Similar trends have been observed for reprogramming from NPCs to iPSC (Pękowska et al, 2018).
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An intriguing question in reprogramming biology is whether cells can take diff erent routes to 
pluripotency, depending on the starting somatic cell-type, and whether these alternative routes 
are the result of diff erences in (past) developmental trajectories.  To address this from the genome 
architecture perspective, Krijger and colleagues produced Hi-C maps of diff erent somatic cell-
types (MEFs, neural progenitors or pre-B cells) and their corresponding early and late iPS 
reprogramming populations. Th ey defi ned genome regions of 300 Kb and analyzed chromatin 
loops within these regions. Interestingly, early reprogramming cell populations showed unique 
sets of chromatin loops (Krijger et al, 2016). Th ese contacts consistently and reproducibly 
appeared, in a starting cell type-specifi c manner. Importantly, these ‘architectural signatures’ were 
not linked to remnants of somatic gene expression. As these features disappear with late passages, 
it was proposed that somatic gene repression requires particular genome architecture rewiring 
that is highly cell-type dependent (Krijger et al, 2016). In light of the TF binding mechanisms 
discussed above, one could speculate that cell-type-specifi c TFs, together with OSK, could be 
mediating chromatin topological changes early in reprogramming. Once the somatic program is 
effi  ciently repressed, these topological contacts subsequently disappear.
Architectural changes were also captured during reprogramming of pre-B cells to iPS cells 
with a combination of C/EBPα and OSKM (Di Stefano et al, 2014). Th ese changes included 
A-B compartmentalization, chromatin looping, and TAD features at diff erent stages of 
reprogramming (Stadhouders et al, 2018). Overall, it was observed that an increase in insulation 
strength (decreased inter-TAD contacts), tend to precede gene expression changes. 
At the sub-TAD level, some chromatin loops, specifi c to either somatic or iPS cells, also showed 
dynamic patterns correlated to gene expression (Stadhouders et al, 2018). Th is paper is the fi rst 
to show such detailed mapping of chromatin architecture changes throughout reprogramming 
and to address the interplay of TFs and chromatin architecture in this system. Crucially, the use 
of pure intermediate reprogramming populations helped to dissect transitions that would be 
otherwise be undetected in heterogeneous populations. 
Altogether these fi ndings suggest that changes in chromatin architecture may not elicit immediate 
changes in transcription. Instead, architecture seems to prepare the chromatin landscape needed 
for further transcriptional changes. Th ere are some canonical proteins and complexes, for instance 
Polycomb repressive complexes, Cohesin, Condensin, Mediator, and the insulator protein CTCF, 
which have been widely studied regarding their role in genome architecture. However, very little 
is known about the role of TFs in genome architecture, which we discuss in the next section.
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The role of transcription factors in rewiring genome architecture 
Reprogramming factors are known to produce genome-wide changes in chromatin state, and thus 
their role in genome topology has been studied to a certain extent.  A recent review covers this 
topic in more detail (Stadhouders et al, 2019). Chromatin contacts of the Oct4 locus analyzed by 
4C revealed that the protein KLF4 is required to mediate Oct4 long-range interactions, through 
recruitment of Cohesin and Mediator at distal elements (Wei et al, 2013). Another study showed 
that Mediator physically engages with OSK early on in reprogramming (Apostolou et al, 2013). 
More recently, a single cell Hi-C study in ES cells, where ChIP-seq and RNA-seq data were 
mapped to the single cell Hi-C maps, confirmed the role of KLF4 in genome organization, 
displaying strong interactions with itself and with active enhancers and promoters. These features 
were not observed for OCT4 or NANOG, highlighting the role of KLF4 in the establishment of 
the 3D chromatin landscape (Stevens et al, 2017).
Using ultra high resolution HiC and ChIP-seq, the Cavalli lab showed that certain chromatin 
loops are highly dynamic during mammalian neural development in vitro and in vivo (Bonev 
et al, 2017). For instance, inter-TAD contacts decrease upon differentiation, whereas intra-
TAD contacts and insulation strength increase. A large proportion of increased intra-TAD 
contact frequencies involved binding sites of the same lineage-specific TF, for example PAX6 or 
NEUROD2. Many of these loops involved enhancer-promoter interactions and correlated with 
gene expression changes during differentiation  (Figure 4B)(Bonev et al, 2017). 
As discussed in the previous section, C/EBPα overexpression assists OSKM-mediated 
reprogramming of pre-B cells to iPS cells. During the initial phases of reprogramming, lineage-
specific factors promote long-range chromatin contacts that are exploited by C/EBPα and 
reprogramming factors at later stages of reprogramming (Stadhouders et al, 2018). In fact, some 
TF factors analyzed in these studies (e.g. C/EBPα, KLF4) are considered to act as pioneer factors 
(Van Oevelen et al, 2015; Soufi et al, 2015). Thus, some of these TF have the capacity to not 
only induce changes in compartmentalization, but also to take advantage of the architectural 
landscape provided by lineage-specific factors. These findings are consistent with the previously 
discussed ‘pre-marking’ concept as a complementary interpretation of pioneer factor activity.
In line with the idea that TF binding impacts genome topology, Ma and colleagues developed a 
computational approach to predict TF proximity networks in 3D space in mouse ESCs (Ma et al, 
2018). Using mathematical modeling, the authors predicted the spatial proximity of TFs bound 
to chromatin, based on motif analysis, ChIP-seq datasets for dozens of TFs, and HiC data. One 
of their most exciting findings is the identification of groups of TFs that co-segregate in nuclear 
space. Several of these display frequent within-group interactions yet are spatially segregated 
from other TFs, preventing physical interaction with other subnetworks and genomic regions 
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(Ma et al, 2018). Th is integration of multiple and diverse genomic datasets indicates that TFs 
form gradients and distinct subnetworks throughout the nuclear microenvironment, shaping 3D 
genome topology. Moreover, these fi ndings are consistent with current phase-separation models 
described in previous sections (Hnisz et al, 2017; Boija et al, 2018; Sabari et al, 2018).
FUTURE PERSPECTIVES AND CONCLUDING REMARKS
During embryonic development, gradual molecular changes sculpt cellular diff erentiation, while 
reprogramming is achieved by forcing an ectopic expression program through overexpression 
of key developmental regulators. Nevertheless, reprogramming foundations were built on 
solid knowledge about embryonic development and diff erentiation. In fact, the new era of 
developmental biology has important infl uences from reprogramming biology too. Th e recent 
literature we discussed here suggests that development and reprogramming are interrelated, 
yet do not necessarily take the exact same molecular routes. First, most TFs predominantly 
bind regulatory regions that are accessible already, so at early reprogramming time points the 
reprogramming factors bind many regulatory regions they never bind during normal development 
(Th urman et al, 2012; Chronis et al, 2017). Second, diff erent combinations and stoichiometry of 
reprogramming factors do aff ect both reprogramming effi  ciency and the exact molecular route to 
the reprogrammed state (Carey et al, 2011; Buganim et al, 2014; Chantzoura et al, 2015; Löhle 
et al, 2012; Marthaler et al, 2016). Th ird, though reprogramming may be successful in functional 
terms (Maherali et al, 2007), reprogramming intermediates display altered chromosomal 
topology and a subtle but consistent transcriptional and epigenetic memory of the tissue of 
origin in the reprogrammed state (Ohi et al, 2011; Deng et al, 2009; Choi et al, 2015; Beagan 
et al, 2016; Krijger et al, 2016). Th e artifi cial conditions presented in reprogramming protocols 
yield relatively faithful representations of physiological cellular states despite these diff erences. 
Th is is due to the activation of endogenous regulatory networks that produce these states during 
normal development, following the initial, relatively crude perturbation of the metastable 
somatic state by exogenous reprogramming factors. We anticipate that studying the reasons for 
these diff erences may yield better reprogramming protocols and important insights into how to 
solve diffi  culties in reversing disease phenotypes.
Transcriptional regulation is the output of multiple complex signals, going from nuclear 
architecture changes, local chromatin states and TF availability in the nuclear microenvironment. 
However, experimental and computational integration of multidisciplinary and complementary 
approaches, including accessibility profi les, super-resolution microscopy, chromatin interactions, 
transcriptional domains, and epigenetic marks, to elucidate the intricate transcriptional regulatory 
network, remains a signifi cant challenge. 
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Microscopy-based imaging tools have proved to be extremely useful to understand chromatin 
structure and transcriptional dynamics in vivo. Currently, it is important to know how these 
findings relate to what we know from in vitro studies. Indeed, the phase-separation model for 
transcriptional control emerged from such studies (Hnisz et al, 2017; Chong et al, 2018; Boija 
et al, 2018; Sabari et al, 2018). 
Single-cell Hi-C approaches have also provided new insights (Nagano et al, 2017; Flyamer 
et al, 2017; Stevens et al, 2017; Ramani et al, 2017). However, in most cases, throughput, 
reproducibility and genome coverage still represent challenges. Resolution varies from protocol to 
protocol and the computational approaches to call chromatin contacts are not yet standardized. 
Integrating TF ChIP-seq datasets and bulk and single-cell Hi-C maps, for instance, has provided 
valuable insights on how TF networks influence and are influenced by genome topology (Ma et 
al, 2018). Other emerging methodologies address TF binding at the single-cell level and have 
the potential to uncover new paradigms on embryonic development (Hainer et al, 2019), where 
biological material is limited for ChIP-seq.  
CRISPR-based technologies are also revolutionizing the way we understand genomes. Some 
recent applications include for instance deletions of enhancers to understand limb development 
(Osterwalder et al, 2018). In addition, deletions of CTCF sites have unraveled transcriptional 
changes in cancer linked to genome architecture (Guo et al, 2018). However, identifying 
readouts that assess the biological relevance of non-coding regions remains a major challenge. In 
this regard, Perturb-ATAC, which combines ATAC-seq and CRISPR targeting in single-cells is 
a promising tool to understand chromatin states by mutating the non-coding genome (Rubin et 
al, 2019).  Another recent development coupled CRISPR to single-cell RNA-seq to interrogate 
enhancer mutations at the single cell level with a transcriptomic readout (Xie et al, 2017). 
Combining insights from complementary approaches and integration of different types of data 
will provide new avenues to understand the versatile way TFs interact with chromatin to confer, 
stabilize or change cellular identity during reprogramming in vitro and development in vivo. 
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ABSTRACT
Th e DNA of eukaryotic genomes is packaged into chromatin by nucleosomes. Th is not only 
compacts the DNA but also plays a central role in gene regulation and establishment of cellular 
identity during development. Because of this packaging, the DNA is relatively inaccessible to 
nucleoplasmic factors; however, regulatory elements such as promoters, enhancers and insulators 
are largely kept nucleosome-free. Th e Assay for Transposase-Accessible Chromatin (ATAC-seq) 
can be used to identify genomic locations of “open” chromatin, footprints of DNA-binding 
proteins, and positioned nucleosomes. It therefore is a powerful tool for unraveling the dynamic 
regulatory landscape of chromatin. Th e method exploits the action of hyperactive prokaryotic 
Tn5-transposase, which preferentially cuts DNA in accessible chromatin and tags the sites with 
sequencing adaptors. Here we describe an ATAC-seq protocol for use with Xenopus tropicalis
embryos.
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MATERIALS    
It is essential that you consult the appropriate Material Safety Data Sheets and your institution’s 
Environmental Health and Safety Offi  ce for proper handling of equipment and hazardous 
materials used in this protocol.
Reagents
Cysteine (3%)
Prepare 3% cysteine solution in 0.1X MMR. Adjust to pH 7.8 using NaOH.
HiFi HotStart ReadyMix PCR Kit (KAPA KK2602)
Lysis buff er for Xenopus <R> (ice-cold)
Marc’s Modifi ed Ringer’s (MMR) solution (1X) <R>
MinElute PCR Purifi cation Kit (including Elution Buff er) (QIAgen 28004)
Nextera DNA Library Preparation Kit (including 2X TD Buff er and Tn5 Transposase) (Illumina 
FC-121-1030)
Nextera Index Kit (Illumina FC-121-1011)
qPCR primers for performing quality checks (see Discussion and Table 1) 
SYBR Green I nucleic acid gel stain (Life Technologies, S7563)
Prepare 100× SYBR Green I solution by mixing 1 µl of 10,000× SYBR Green I with 99 µL of Elution 




Heat block at 37°C
Heratherm incubator (Th ermo Scientifi c) 
Microcentrifuge, cooling (Th ermo Scientifi c) 
Microcentrifuge tubes (1.5-mL)
PCR-tubes (0.2-ml)
Petri dishes (100-mm, plastic)
Real-time quantitative PCR (qPCR) system
Th ermal cycler (Bio-Rad T100) 
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This protocol is adapted from the ATAC-seq method originally described by (Buenrostro et al, 2013). 
Preparing Lysates 
Generally, it is recommended to use fresh material for preparation of lysates. ATAC libraries can be 
prepared using frozen embryos (see Step 4); however, the enrichment of signal in accessible chromatin 
tends to be lower compared to libraries prepared with fresh material.  
 1. Collect X. tropicalis embryos in a Petri dish. Dejelly the embryos using 3% cysteine. 
 2.  Rinse the embryos in water to remove the cysteine. Raise the embryos in 0.1X MMR 
until the desired stage is attained. 
 3.  Transfer embryos in a number equivalent to 25,000 -75,000 cells to a 1.5-ml 
microcentrifuge tube for further processing.              
    For example, for stage 12 embryos (~30,000 cells/embryo) we have used two 
embryos per reaction. More generally, the efficiency of the reaction depends on the 
number of cells relative to the amount of Tn5 transposase. For best results, we have 
found titration of the embryo lysate with a constant amount of Tn5 to be useful.
 4.  Remove the excess MMR solution and then add 10 µl of ice-cold lysis buffer to 
the embryos. Pipet the embryos up and down with a clipped p20 pipet tip until a 
homogenized lysate is formed. 
    Clipped pipet tips help to prevent shearing of nuclei and chromatin.
    Embryos can be snap-frozen after removal of excess MMR solution and stored at 
-80°C. For subsequent ATAC-seq, the samples are thawed quickly by addition of 
lysis buffer followed by pipetting up and down. 
 5.  Place the lysate on ice for 5 min to ensure proper lysis, and then proceed directly with 
the transposition reaction (Step 6).
Performing Transposition 
 6.  Combine the following to prepare the transposition reaction mix. Mix gently without 
vortexing. 
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Reagent Amount   
Cell lysate from Step 5 10 µL
2X TD Buff er 25 µL
Tn5 Transposase 2.5 µL
Nuclease-free H2O 12.5 µL
Total 50 µL
 7. Incubate the reaction mix at 37°C for 30 min.
 8.  Immediately following transposition, purify the DNA from the reaction mix using a 
MinElute kit. Elute the transposed DNA in 10 µL of Elution Buff er (10 mM Tris buff er, 
pH 8).
   Purifi ed samples can be stored at -20°C.
Performing PCR Amplifi cation
 9.  Combine the following in a PCR tube to prepare the PCR reaction mix. Mix gently by 
pipetting. 
Reagent Amount 
Transposed DNA from Step 8 10 µL
Nuclease-free H2O 10 µL
25 µM Index 1 (Nextera Index Kit) 2.5 µL
25 µM Index 2 (Nextera Index Kit) 2.5 µL
Kapa Hifi  PCR Master mix 25 µL
Total 50 µL
 10. Amplify the transposed DNA using the following cycling program. 
1 72°C for 5 min 
2 98°C for 30 sec
3 98°C for 10 sec 
4 63°C for 30 sec 
5 72°C for 1 min
6 Repeat 3-5 for 4 cycles 
7 Hold at 4°C
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 11.  Determine the number of additional cycles needed for the amplification of the library 
using qPCR as follows.
  i. Prepare the qPCR reaction mix.
Reagent Amount 
Amplified DNA from Step 10 5 µL
Nuclease-free H2O 4.44 µL
25 µM Index 1 (Nextera Index Kit) 0.25 µL
25 µM Index 2 (Nextera Index Kit) 0.25 µL
100X SYBR Green I 0.06 µL
PCR Master Mix (HiFi HotStart ReadyMix) 5 µL
Total 15 µL
  ii. Use the following cycling program to perform qPCR. 
1 98°C for 30 sec
2 98°C for 10 sec 
3 63°C for 30 sec 
4 72°C for 1 min
5 Repeat 2-4 for 19 cycles 
6 Hold at 4°C
  iii.  Calculate the number of additional cycles (x) needed for the amplification of the 
library by plotting the resulting fluorescence versus the number of cycles and setting 
the threshold at one-fourth of maximum fluorescence. 
    This corresponds to the number of cycles needed to reach the beginning of 
exponential increase of fluorescence (Buenrostro et al, 2013). 
 12.  Amplify the remaining reaction mix from Step 10 using the following cycling program 
and the cycle number (x) calculated in Step 11.iii.
1 98°C for 30 sec
2 98°C for 10 sec 
3 63°C for 30 sec 
4 72°C for 1 min
5 Repeat 2-4 for x cycles 
6 Hold at 4°C
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 13. Purify the amplifi ed product using the MinElute kit. Elute in 20 µL of Elution Buff er. 
  Purifi ed samples can be stored at -20°C.
 14.  Perform quality checks of signal-to-noise ratio, mitochondrial contamination and 
sample profi le (fragment size distribution) prior to sequencing and analysis (see 
Discussion and Table 1). 
   See Troubleshooting.
Figure 1. ChIP-seq and ATAC-seq profi les surrounding the vegt locus in stage 12 (late gastrula) 
X. tropicalis embryos.
TROUBLESHOOTING
Problem (Step 14): Cells are not adequately lysed, leading to low quality samples.
Solution: Prepare and test lysis buff er containing diff erent concentrations of IGEPAL CA-630 
(0.5%, 0.1%, 0.05% and 0.025%).
Problem (Step 14): Large fragments (700- to 1000-bp) are present in the library due to 
inadequate (non-specifi c) transposition, and/or low enrichment of positive regions over negative 
regions in qPCR quantifi cation. 
Solution: To optimize the effi  ciency of specifi c transposition, do a titration with diff erent 
concentrations of Tn5 (or use diff erent amounts of embryo lysate with a fi xed amount of Tn5). 
If large fragments (>1 kb, non-specifi c transposition) are observed in the library, in addition to 
the small sizes (transposition in accessible regions), size-selecting the library for 100- to 700-bp 
fragments (including primer sequence) might help to enhance library quality.  Th e Select-a-Size 
DNA Clean & Concentrator kit (Zymo Research D4080) can be used for purifying out the 
desired library size.
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The signal-to-noise ratio can be determined by performing qPCR using primers spanning 
hypersensitive and non-hypersensitive regions. We have designed primers spanning H3K4me3-
positive promoters and Ep300-positive enhancers for positive regions and for regions without 
any of the well-known histone modifications and genes nearby as negative (relatively inaccessible) 
controls (Table 1). Good quality samples have ≥10-fold enrichment for positive regions against 
negative regions. 
Mitochondrial Contamination
The abundance of mitochondrial DNA in the accessible fraction is one of the well-known 
limitations of the technique: The mitochondrial DNA reduces the coverage of genomic DNA 
when the ATAC library is sequenced. The extent of mitochondrial contamination in the 
library can be quantified by qPCR, using primers spanning mitochondrial regions (Table 1). 
The percentage of mitochondrial reads may vary across samples; it can range from ~10-50% of 
sequenced reads.
Sample Profile
The libraries generated using ATAC-seq usually have a highly diverse fragment size distribution. 
Samples containing excessive large fragments (>1 kb) are relatively hard to quantify and result in 
reduced clustering efficiencies when sequenced (Buenrostro et al, 2013). Thus, this information 
is a good indicator of sample quality and can be checked using a Bioanalyzer. 
ATAC-Sequencing and Analysis
Paired-end or Single-end Sequencing
The fragments generated in ATAC-seq are of different lengths. The small ones (50-150 bp, 
excluding primer sequences) correspond to nucleosome-free hypersensitive regions, and the longer 
ones (200-500 bp) correspond to open regions that are separated by one or more nucleosomes 
(mostly double-cut fragments from the edges of the accessible regions). Paired-end sequencing 
is advantageous over single-end sequencing as it gives us the information to determine both the 
pattern of accessibility within open regions and the positions of flanking nucleosomes based on 
fragment length. Paired-end sequencing of 2 x 40 bp is sufficient to map the reads to the genome.
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Th e depth to which the sample needs to be sequenced depends on the information to be obtained. 
Information on chromatin accessibility and nucleosome positioning can be attained through 
~30-40 million mapped reads for samples with decent enrichments of accessible chromatin and 
low mitochondrial DNA contamination (Fig. 1). For further analysis, it is advised in most cases 
to take only the non-duplicate (only one read per genomic position) and uniquely mapped 
(mapped to unique parts of the genome) reads. A good data set typically has at least 25 million 
non-duplicates, non-mitochondrial aligned (mapped) reads per replicate. For in-depth analysis 
of transcription factor footprints, at least 100 million mapped reads are necessary.
Replicates
Th e most accessible sites will be consistent across replicates, so for a global analysis of chromatin 
accessibility two replicates often suffi  ce; for high confi dence analysis of weakly accessible regions 
and to explicitly account for biological variation, a larger number of replicates may be necessary.
Sample Analysis Pipeline
Single-end or paired-end reads can be mapped to the genome using BWA-MEM  (Li and Durbin 
2009) followed by fi ltering steps to remove duplicates using Picard’s Mark Duplicates (http://
broadinstitute.github.io/picard/) and unmapped reads. Shift the reads +4 bp for the +strand and 
-5 bp for the –strand to account for the properties of the accessible site relative to the read; this 
is primarily relevant when attempting to do high resolution transcription factor footprinting 
analysis.  Peak calling  can be done using MACS2 (Zhang et al, 2008). Th e processed samples 
can be used for further analyses such as diff erential chromatin accessibility, clustering and Motif 
enrichment. In the case of  footprint identifi cation, the sequence bias of Tn5 should be controlled 
using naked genomic DNA (Lu et al, 2017).
REL ATED INFORMATION
For further reading about chromatin structure and development, see (Perino & Veenstra, 2016c) 
and (Boyle et al, 2008). 
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Table 1. Primer sequences spanning hypersensitive, non-hypersensitive and mitochondrial 
regions. Genomic positions refer to X.tropicalis genome assembly v9.0.
Genomic Location 













Lysis Buffer for Xenopus




Marc’s Modified Ringer’s (MMR) solution (1X)
0.1 M NaCl 
0.1 mM EDTA  
1 mM MgSO4
2 mM CaCl2 
2 mM KCl
5 mM HEPES (pH 7.8)
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ABSTRACT
During vertebrate gastrulation, mesoderm is induced in pluripotent cells, concomitant with 
dorsal-ventral patterning and establishing of the dorsal axis. We applied single-cell chromatin 
accessibility and transcriptome analyses to explore the emergence of cellular heterogeneity 
during gastrulation in Xenopus tropicalis. Transcriptionally inactive lineage-restricted genes 
exhibited relatively open chromatin in animal caps, whereas chromatin accessibility in dorsal 
marginal zone cells more closely refl ected transcriptional activity. We characterized single-cell 
trajectories, and identifi ed head and trunk organizer cell clusters in early gastrulae. We inferred 
the activity of transcription factors in single cell clusters by integrating chromatin accessibility 
and transcriptome data, and tested the activity of organizer-expressed transcription factors in 
animal caps, alone or in combination. Expression induced by Foxb1 and Eomes mimicked those 
observed in head and trunk organizer single cell clusters. Genes induced by Eomes, Otx2 or 
the Irx3-Otx2 combination were enriched for maternally regulated H3K4me3 modifi cations, 
whereas Lhx8-induced genes were marked more frequently by zygotically controlled H3K4me3. 
Our results show that transcription factors cooperate in a combinatorial fashion in generally 
open chromatin to orchestrate zygotic gene expression. 
Keywords 
chromatin accessibility, cell trajectories, organizer, mesendoderm, transcription factors 
Graphical abstract 
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Cellular heterogeneity increases dramatically during early embryonic development in association 
with regional specifi cation of the ectoderm, mesoderm and endoderm lineages. During this 
process, cells respond to extracellular signals as dictated by cell-autonomous constraints such as 
chromatin state and the presence of factors mediating the response. Th e embryo is transcriptionally 
quiescent until zygotic genome activation (ZGA) (Vastenhouw et al, 2019; Paranjpe & Veenstra, 
2015), which gradually occurs during the mid-blastula stage in Xenopus. Th is is accompanied 
by slowing down of cell divisions and introduction of cell cycle gap phases. During the blastula 
stage, the cells at the animal pole are pluripotent. Th ey are fated to become ectoderm but are 
competent to respond to mesoderm-inducing signals emanating from vegetal pole cells. During 
early gastrulation there is a major cellular diversifi cation, concomitant with germ layer formation 
and morphogenesis.
Within the animal cap at early gastrula stages, ectoderm primarily consists of a superfi cial 
(epithelial) layer, and an attached deep (sensorial) layer (Chalmers et al, 2002), which diverge 
to goblet cells, multiciliated cells, ionocytes and small secretary cells in the epidermal ectoderm 
by larval stages (Angerilli et al, 2018). In addition, the animal cap cells are competent to form 
mesoderm, but can also be induced to neural ectoderm by underlying mesoderm during 
gastrulation. Mesoderm, located at the equatorial region (marginal zone) during early gastrula 
stages, is induced by nodal-related TGFβ family ligands, produced by vegetal cells. Dorsal 
mesoderm develops into a signaling center, the Spemann-Mangold Organizer, involved in dorsal-
ventral patterning of mesoderm and formation of the dorsal axis during gastrulation (Agius et al, 
2000). Using transplantation experiments, it has been established that the dorsal blastopore lip 
of early gastrula stages induces anterior dorsal structures (head organizer), whereas the blastopore 
lip at late gastrula stages specifi es posterior structures (trunk organizer). Little is known how 
these activities relate to each other, but it has been shown that inhibition of Wnt signaling is 
important for the formation of head organizer structures such as anterior endoderm, prechordal 
plate and anterior chordamesoderm (Niehrs, 1999). Th e dorsal blastopore lip is also home to 
superfi cial mesoderm. Under the infl uence of Wnt11b and FGF signaling, as well as the Foxj1 
transcription factor, involuting superfi cial mesoderm cells will constitute the ciliated gastrocoel 
roof that forms the left-right organizer (Walentek et al, 2013; Schneider et al, 2019).
During early development, secreted factors signal to the nucleus of exposed cells, impacting 
gene expression in conjunction with transcription factors. Chromatin plays a major role in this 
process, providing the gene-specifi c permissive or restrictive context for transcription (Perino 
& Veenstra, 2016; Jambhekar et al, 2019). Th is involves histone modifi cations such as the 
permissive promoter mark H3K4me3 and the repressive Polycomb mark H3K27me3, both of 
which increase dramatically during early Xenopus development (Bogdanović et al, 2012; Paranjpe 
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& Veenstra, 2015; Hontelez et al, 2015). A large majority of genomic loci is decorated with these 
histone modifications by maternal factors; these loci are collectively referred to as the maternal 
regulatory space, whereas a relatively small number of promoters requires new embryonic 
transcription for the acquisition of H3K4me3 or H3K27me3 (Hontelez et al, 2015).
Very little is known how cellular heterogeneity and the cellular responses to extracellular signaling 
relate to chromatin accessibility and how this is regulated regionally during early development. 
Here we report on the regulation of chromatin accessibility during early development and in early 
gastrula animal cap and dorsal marginal zone using ATAC-sequencing. The regional differences 
in gene expression and chromatin accessibility were related to cellular heterogeneity observed in 
whole embryo single-cell RNA-sequencing (scRNA-seq) and scRNA-seq data of dissected animal 
cap and dorsal marginal zone tissue. We inferred transcription factor activities in specific cell 
clusters, which were tested in animal caps by microinjection and RNA-sequencing. We assessed 
the extent to which organizer-expressed transcription factors activate gene expression within 
open chromatin, and how this relates to H3K4me3 promoter marking by maternal factors. The 
data support the early emergence of head and trunk organizer as well as superficial mesoderm 
cells. Moreover, the data show how early cellular heterogeneity emerges in response to inductive 
events by action of zygotic transcription factors in the context of maternally marked, accessible 
promoters. 
RESULTS
Dynamics of chromatin accessibility during early development
To define the chromatin regulatory landscape during early development, we performed ATAC-
seq of biological replicates for blastula, early and late gastrula, and neurula stages (respectively 
stage 9, 10½, 12, and 16; Fig. 1A). We clustered the open chromatin ATAC-seq peaks (Dataset 
EV1) together with H3K4me3 and p300 ChIP-seq data (Hontelez et al, 2015) of the same 
developmental stages. Open chromatin as observed by ATAC-seq is found in regions with 
H3K4me3 (promoters), the co-activator p300 (enhancers) or both (promoter-proximal 
regulatory elements) (Fig. 1A). H3K4me3-decorated promoter regions displayed higher levels of 
chromatin accessibility than enhancer elements that recruit p300 (Fig. EV1A). Generally, ATAC-
seq enrichment increased from stage 9 onwards, both for H3K4me3-positive promoters and 
p300-bound enhancers (Fig. EV1A). Before stage 9, we have not been able to obtain high-quality 
ATAC-seq tracks because of a lack of enrichment, which may suggest that regulatory elements 
become only accessible after the mid-blastula transition.
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Pair-wise comparison of sequential stages yielded over 7000 diff erentially accessible regions (see 
Methods) (Fig. 1B). Clustering of these regions with p300 and H3K4me3 data revealed that the 
majority of these regions with dynamic open chromatin, are enriched for p300 but not H3K4me3 
(Fig. EV1B). Moreover, the ATAC-seq and p300 signal intensities correlate for these dynamic 
open chromatin regions, suggesting they represent developmental stage-specifi c accessible 
enhancers. Clusters 2, 4, 5, and 6 showed accessibility signals increasing from stage 9 to stage 16, 
whereas clusters 1 and 3 consisted of regions showing a reduction in the signal after gastrulation. 
To assess the extent to which the open chromatin dynamics are linked to gene regulation, we 
analyzed the transcript levels of nearby genes. To associate each of these genomic regions to 
genes, we used GREAT regions (McLean et al, 2010). We found for each of the sequential 
stage comparisons that genomic elements with increased chromatin accessibility are associated 
with an increased expression of the associated genes (Fig. 1C; left side of each panel) (Owens 
et al, 2016). Surprisingly, genes associated with genomic elements with decreased accessibility 
are also upregulated in many cases. It should be noted that many of these genes are regulated 
by multiple enhancers, sometimes with diff erent dynamics. In addition, transcript stability may 
cause transcript dynamics to lag behind chromatin accessibility dynamics. Indeed, clusters with 
strongly increasing chromatin accessibility over multiple time points (clusters 2, 5, 6; Fig. EV1B) 
show higher expression toward later time points (Fig. EV1C), whereas clusters with reduced 
accessibility showed peak expression at early gastrulation (clusters 1, 3; Fig. EV1B-C). Th e results 
raise the question how changes in chromatin accessibility relate to regional specifi cation, germ 
layer formation, and the heterogeneity in gene expression programs associated with the onset of 
gastrulation.
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Figure 1. Chromatin accessibility during early development. 
A. Genome browser view showing chromatin accessibility (ATAC-seq) and ChIP-seq (p300 and H3K4me3) profi les at 
stage 9, 10½, 12 and 16 at sox2 gene locus. Th e number at the left (black line) indicates the Y-axis scale of the profi le. 
ATAC-seq peaks were found at promoter (H3K4me3) and enhancer (p300-bound) regulatory regions. B. Chromatin 
accessibility and p300 binding at diff erential ATAC-seq peaks visualized using K-means clustering. C. Box plots showing
pair-wise sequential-stage comparisons of fold change in accessibility (ATAC-seq) and corresponding changes in gene 
expression (RNA-seq dataset) (Owens et al, 2016). Th e data represents two biological replicates. Th e central band within 
the boxplot represents the median (50th percentile), the box represents the range between the fi rst and third quartile 
(25th-75th percentile), and the whiskers show 1.5 x the interquartile range (IQR).
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Mesoderm-induced genes exhibit open chromatin in animal caps
To determine the extent to which chromatin accessibility is spatially acquired in early gastrula 
stage embryos (stage 10½), we fi rst preformed ATAC-seq on ectodermal and organizer explants 
(Fig. 2A; respectively animal cap, AC; dorsal marginal zone, DMZ). Ectoderm-expressed genes 
such as tfap2a and grhl3 showed high accessibility at regulatory regions in the AC and relatively 
low signals in DMZ (Fig. 2A). By contrast, the organizer-expressed genes gsc and chrd were equally 
accessible in AC and DMZ explants. To assess how general these observations are, we performed 
diff erential gene expression analysis (fold change >= 2 and FDR < 0.05) of AC and DMZ RNA-
seq samples (Blitz et al, 2016). Diff erential genes were then linked to ATAC-seq peaks (Methods) 
to see how well spatial expression diff erences match with diff erences in chromatin accessibility 
(Fig. 2B). We observed that genes with higher expression in AC compared to DMZ, also exhibit 
higher chromatin accessibility in AC. However, for genes with higher expression in DMZ, the 
associated regulatory regions showed a similar accessibility signal in both explants, similar to 
what was observed at gsc and chrd. AC cells are considered pluripotent at the blastula stages and 
lose competence for mesoderm induction during gastrulation (Borchers & Pieler, 2010; Jones 
& Woodland, 1987). Consistent with the competence for mesoderm induction, mesoderm-
expressed genes appear to exhibit accessible chromatin in AC.
To further characterize regional chromatin accessibility at promoters and enhancers, we divided 
AC and DMZ peaks into p300 and H3K4me3-positive regions. Hierarchical clustering showed 
somewhat lower ATAC signals in DMZ for both H3K4me3 and p300 positive regions (Fig. 2C), 
but the signifi cance of this result is not clear. Most of the p300-associated regulatory elements of 
pluripotency genes (pou5f3.3, pou5f3.1, sox2, and the Nanog-related genes ventx2.1, and ventx1.1
(Scerbo et al, 2012) were accessible in both AC and DMZ, although to variable degrees, whereas 
random genomic regions were not accessible in either tissue (Fig. 2D). Th e transcription start 
sites (TSS) of these pluripotency genes also showed relatively strong chromatin accessibility 
in AC compared to DMZ (Fig. EV2A). Overall these observations confi rmed that regulatory 
regions in AC cells have relatively open chromatin, irrespective of the transcriptional activity 
of the associated genes, in line with the pluripotent nature of the AC and its competence for 
mesoderm induction. 
As a next step, we used Chromium single-cell ATAC-seq to uncover diff erences in open chromatin 
with single-cell resolution. We isolated nuclei from stage 10½ embryos, transposed them in bulk, 
then encapsulated them in barcoded gel beads, each barcode representing a unique cell. After 
library preparation, sequencing and fi ltering, we recovered 1,072 barcodes (cells), with a median 
5.56x enrichment of transposition events at transcription starts sites (TSSs) and a median of 7053 
transposition events per cell.  Dimensionality reduction and clustering uncovered three closely 
associated clusters with only marginal diff erences in locus-specifi c enrichment patterns (Fig. 2E-
F). Cluster A1 likely corresponds to AC cells, with elevated levels of accessibility at 1,935 genes 
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(FDR < 0.05, log2 fold change > 1; Dataset EV2), including genes like sox11 and tfap2a (Fig. 
2F). Clusters A2 and A3 are less distinct, with respectively only 34 and 30 genes with cluster-
enriched accessibility (Dataset EV2). Cluster A3 consists of cells with relatively few transposition 
events compared to clusters A1 and A2. Cluster A1 almost exclusively shows transposition events 
at promoters, whereas A2 and A3 show more modest promoter enrichment (Figs. EV2B-C, 2F). 
Th e co-variates associated with these cell populations appear to rise to prominence in the absence 
of large intercellular diff erences in chromatin accessibility within the embryo. Together, these 
results highlight the relatively subtle regional diff erences in the context of broadly accessible 
chromatin in the early gastrula embryo.






































































































































Figure 2. Chromatin accessibility in animal cap (AC) and dorsal marginal zone (DMZ). 
A. Genome browser view of AC and DMZ accessibility profi les for ectoderm-expressed (tfap2a and grhl3) and organizer-
expressed (gsc and chrd) marker genes. B.  Boxplots showing diff erential gene expression (AC versus DMZ) and associated 
ATAC-seq signals (Two biological replicates). Th e central band within the boxplot represents the median and the whiskers 
show 1.5 times the range between the fi rst and third quartile (IQR). C. Hierarchical clustering of AC and DMZ ATAC-
seq data on H3K4me3-positive (top) and p300-positive (bottom) ATAC-seq peaks. D.  Heat map showing accessibility 
signal (log1p of fold over background) at p300-positive ATAC-seq peaks surrounding pluripotency genes (ventx1/ventx2, 
pou5f3 and sox2). Th e row labeled ‘random’ shows accessibility signals at random genomic loci. E. Single-cell ATAC-
seq UMAP projection of cells derived from gastrula stage embryos (stage 10½), colored by cluster. F. Genomic tracks 
showing aggregated accessibility of single-cell ATAC-seq clusters at the t (tbxt), tfap2a, gsc, ctcf, lhx1 and sox11 loci.
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Single-cell analysis of spatiotemporal trajectories of ectodermal and mesendodermal cell 
states
Our results indicated that chromatin accessibility diff ers in relatively subtle ways in the early 
embryo for some genes, notably those expressed at the animal pole, but not for many others. 
During gastrulation, cellular heterogeneity is known to increase dramatically at the transcriptional 
level. For example, single cell profi les sampled from blastula to tailbud stage embryos (stages 
8-22) has documented the emergence of an increasing number of cell states during early 
development (Briggs et al, 2018). We analyzed stage 8, 10, and 12 whole embryo single-cell 
data as a fi rst step to assess the emerging heterogeneity during gastrulation and the associated 
developmental cell trajectories. We fi ltered, normalized and visualized the data with UMAP, 
using available stage and cell type annotations (Figs. 3A, EV3A). We called Louvain clusters (cell 
clusters L0-L20) and hypervariable genes (diff erential between cell clusters) (Dataset EV3). We 
labeled cell clusters based on predominant cell annotations in these clusters (Fig. EV3A-B). Th e 
cells annotated as stage 10 neural ectoderm express both sox2 and tfap2a, whereas tfap2a is not 
expressed in neural ectoderm at later stages (Appendix Fig. S1). Th is suggests that these cells are 
closely related to non-neural ectoderm at early gastrula stages, consistent with Louvain clusters 
of cells with mixed neural and non-neural annotations at this stage (clusters L3, L16, L18, L19, 
Fig. EV3A-B). To assist the interpretation, we color-coded clusters based on similarity in cell 
type annotations and gene expression (Figs. 3B, EV3B, Appendix Fig. S1). Stage 8 blastomeres 
are relatively homogeneous, represented by a single cluster (L4) that is most related to clusters 
comprised of non-neural/neural ectoderm at stage 10 (L3, L8, L18; Figs. 3B, EV3B). From these 
basal stage 10 clusters, there is a continuous trajectory to stage 10 clusters with neural ectoderm 
annotation (L5), mixed neural ectoderm and marginal zone annotations (L10), marginal zone 
(L12) and organizer mesendoderm (L2). Cells in stage 10 cluster L10, with mixed marginal zone 
and neural ectoderm annotations, express both t (tbxt) and sox2 in the same cells, but low levels 
of tfap2a, in line with a potential bi-potent neuro-mesodermal cell state (Fig. EV3B, Appendix 
Fig. S1). Endoderm cells are rather sparse in this data set. An ectodermal trajectory, however, can 
be observed from basal ectoderm clusters to stage 10 non-neural ectoderm. Clusters comprised 
mainly of stage 12 cells are more located to the periphery relative to the stage 10 clusters, with a 
distinct stage 12 neural ectoderm cluster that is juxtaposed to stage 10 ectoderm (L18) and neural 
ectoderm (L5). Stage 12 involuted dorsal mesoderm (L9) is juxtaposed to stage 10 organizer (L2) 
and marginal zone (L12), as well as a stage 12 cluster with tailbud cell annotations (L12; Figs. 
3B, EV3B). 
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Figure 3. Cellular heterogeneity and developmental trajectories in blastula and gastrula stages. 
A, B. UMAP visualization of whole embryo scRNA-seq for stages 8,10 and 12 colored by stage (A) and cell type 
annotations (B).
Th ese whole embryo single-cell profi les lack spatial information, although the localization of 
cell clusters can be tentatively inferred from highly expressed genes. To defi ne the early events 
associated with the specifi cation of mesodermal and epidermal lineage during gastrulation, and 
to link single cell transcriptomic profi les to spatially localized gene regulation, we performed 
single-cell RNA-sequencing (scRNA-seq) on dissected animal cap (AC) and dorsal marginal 
zone (DMZ) explants. We analyzed hand-picked cells from dissociated stage 10½ AC and DMZ 
explants, collected from two diff erent experiments (Methods; Dataset EV4). We obtained seven 
single cell clusters (C0-C6), with the cells of the same region of the embryo generally clustering 
together (Fig. 4A-B). Based on known marker gene expression of sox11 (ectoderm inner layer) 
and grhl3, krt, and upk3b (ectoderm outer layer) (Chalmers et al, 2006), we tentatively assigned 
AC clusters C0 and C1 to these ectodermal layers (Figs. 4C-D, Appendix Fig. S2A-B, Dataset 
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EV5). Both clusters express relatively high levels of the pluripotency factor-encoding transcripts 
pou5f3.3 and sox2. Th ese clusters also express ventx1.1 and ventx1.2, the closest amphibian 
homologs of the mammalian Nanog protein (Scerbo et al, 2012), which are abundant in the 
ventral and animal cap regions (Appendix Figs. S2, S3). Clusters C2, C3, and C4 all express 
high levels of mesendodermal markers such as t (tbxt), vegt, and mix1. C2 shows the highest 
levels of wnt11b and early expression of foxj1 (Walentek et al, 2013), which mark respectively 
involuting mesoderm and superfi cial mesoderm, the epithelial layer of involuting mesoderm. C3 
expresses the highest levels of well-known organizer genes such as gsc, otx2 and chrd, in addition 
to endodermal markers such as gata4, sox17a and sox17b (Fig. 4C, Appendix Figs. S2, S3). In 
addition, C3 cells express the head organizer genes cer1, dkk1, frzb, and fst, suggesting these 
cells comprise the precursors of anterior endoderm, prechordal plate mesendoderm and anterior 
chordamesoderm. C4 expresses also organizer genes such as gsc, otx2, and chrd, but compared 
to C3, C4 cells express lower levels of head organizer genes and relatively high levels of cdx4, t
(tbxt) and irx3 (Figs. 4C-D, Appendix Figs. S2, S3, Fig. EV4). Th is cluster likely constitutes 
non-involuted mesoderm and prospective trunk organizer cells. C5 is derived from the AC 
and shows both inner layer characteristics (sox11) and expression of foxj1 and klf5 (Appendix 
Fig. S2), therefore most likely constituting progenitors of ciliated cells. C6 exhibits a mosaic of 
ectodermal (sox11, sox2) and mesodermal expression (t, chrd, eomes, vegt) that is present at the 
level of individual single cells (Fig. 4D, Appendix Fig. S2B). Genes specifi cally expressed in this 
cluster, such as fgf8 and foxb1, are expressed in the upper blastopore lip (Appendix Fig. S3), in the 
inner layer of dorsal ectoderm and in non-involuted mesoderm (Takebayashi-Suzuki et al, 2011; 
Gentsch et al, 2013; Pera et al, 2014; Gamse & Sive, 2001).
To place our spatially localized AC and DMZ single cell clusters in the whole embryo stage 8-12 
dataset, we determined the correlations of the AC and DMZ clusters (C0-C6) with all clusters in 
the whole embryo data set (L0-L20). As expected, AC cluster C0, C1 and C5 correlated mostly 
with cells annotated as stage 10 (neural / non-neural) ectoderm and stage 8 blastomeres (Figs. 4E, 
EV4). Involuting mesoderm (C2) and head organizer mesendoderm (C3) correlated best with 
cells annotated as organizer (L2), with C3 matching L2 best. Organizer mesoderm cluster C4 
correlated with both organizer and marginal zone (L12, L2), whereas upper blastopore lip cluster 
C6 correlated only weakly with stage 10 organizer (L2). Overall, these combined analyses chart 
trajectories of the cellular heterogeneity that arises during gastrulation in the AC and DMZ. 
Interestingly, even though the head and trunk organizer historically have been defi ned based on 
their location at the dorsal blastopore lip at early and late gastrula stages respectively, the early 
gastrula is home to (cellular precursors of ) both. Th e data also highlight the progressive nature of 
germ layer specifi cation, with partially overlapping cell states across developmental stages.
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Integration of single cell transcriptome clusters and chromatin accessibility
We next sought to identify the drivers of cellular heterogeneity using motif analysis of regulatory 
elements active in the early gastrula. Peak calling of chromatin accessibility did not reveal subsets 
of genomic regions that were specifi cally accessible in a subset of cells, there are only subtle 
diff erences in relative peak strength. We therefore used motif activity analysis, a regression 
approach that has been shown to robustly identify the contribution of individual motifs to 
diff erential chromatin accessibility or gene expression (Suzuki et al, 2009; Balwierz et al, 2014; 
Madsen et al, 2018). A positive motif activity indicates a positive correlation between presence 
of the motif and associated accessibility signal, while a negative motif activity means the motif is 
associated with lower accessibility. As a fi rst step, we determined the motifs that were associated 
with diff erences in chromatin accessibility between explants (AC, DMZ) and whole embryos 
(stage10½). In order to select the motifs with highest diff erential motif activity we ranked the 
motifs by the maximum z-score diff erence (Fig. 5A). We plotted expressed transcription factors 
capable of binding to these motifs. Interestingly, we observed various ectodermal and mesodermal 
factors to display motif activity patterns that correlated with their known gene expression profi le. 
Chromatin accessibility-associated motifs in AC included factors involved in ectodermal and 
epidermal development (Tafp2a, Tfap2c, Grhl1) (Luo et al, 2005; Tao et al, 2005). In addition, 
motifs for Klf factors (Klf2, Klf5) were identifi ed, which are highly expressed in the animal cap 
cells of Xenopus and are involved in pluripotency and self-renewal in mammalian cells (Gao et 
al, 2015). For  DMZ, the motifs included those bound by Eomes, T/Tbxt, Otx2 and Forkhead 
factors such as Foxb1 and Foxc1, which are known to play roles in mesendoderm specifi cation 
and axial mesoderm (Steiner et al, 2006; Charney et al, 2017). Factors like Grhl1, Eomes and T/
Tbxt showed overlapping motif activity in AC/DMZ with the whole embryo, but GATA factor 
motif activity was enriched in whole embryo relative to both AC and DMZ (Fig. 5A). Likewise, 
single-cell ATAC cluster A1 shows relatively high motif activities for Sox2 and Tfap2a, whereas 
A2 shows relatively high motif activities for CTCF and T/Tbxt, and Forkhead motifs show up in 
both A1 and A2 clusters (Fig. EV5A). A3 shows activity for Crx and Gata3. Th ese analyses show 
that the relatively subtle diff erences in chromatin accessibility that are observed in the embryo, 
are correlated with specifi c motifs that can be bound by transcription factors with localized 
expression.
Next, we wondered whether we could extend this analysis by identifying potential regulators 
of cluster-specifi c gene expression. We analyzed the regulatory elements associated with 
hypervariable genes of the AC and DMZ scRNA-seq clusters, i.e. transcription factor motifs in 
regulatory elements near genes with cluster-enriched gene expression. Similar to the analysis of 
chromatin accessibility, we used a regression approach (Methods), now regressing motifs in open 
chromatin to the variance in gene expression between single cell clusters. Th e motif activity in 
this context represents the relation between the motif in accessible regions and the variance in 
gene expression associated with these elements. Th is recovers many of the same motifs identifi ed 
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in the previous analyses, but now linking them to cluster-specific gene expression (Fig. 5B). 
Some of these motifs can be bound by multiple factors, often do to similarities in their DNA 
binding domain (for example Forkhead, Sox, T-box factors, Iroquois factors, etc.). Therefore, we 
visualized the expression of transcription factors capable of binding specific motifs together with 
the cluster-specific motif activity, so as to infer which transcription factor of a family may be most 
relevant (Figs. 5C, EV5B). This analysis is agnostic to whether DNA-binding proteins activate or 
repress transcription, as both positive and negative contributions to cluster gene expression are 
included. A positive motif activity in a particular cluster means that genes with the motif tend 
to be more abundantly expressed in that particular cluster. The single cell resolution of the motif 
analysis comes from the data type to which the presence of motifs is regressed, in this case single 
cell gene expression (clusters C0-6). To test whether it matters which ATAC peak set is used for 
the analysis, we ran the analysis with AC peaks, DMZ peaks and whole embryo stage 10½ peaks. 
The results show similar results with some differences (Figs. 5C, EV5C-D). 
The transcription factor-motif combinations uncovered in this way include many known well-
known regulators, for example Grhl1 (AC outer layer cluster C1), Vegt, T and Eomes (DMZ 
involuted mesoderm and head organizer clusters C2-3), and Zic1 and Zic3 (DMZ clusters C2-
C3) (Figs. 5C, EV5C-D). Interestingly, additional motif activity for the T-box factors is picked up 
with DMZ peaks in upper blastopore cluster C6, in which Eomes is more abundant compared to 
T/Tbxt and Vegt. Less well-known is Foxb1; both motif activity and cluster-enriched expression 
support a potential role in upper blastopore cluster C6, similar to Eomes. Several Iroquois motifs 
are found with opposing motif activities (line 15,16, bottom; Fig. 5C). Irx3 is expressed in 
organizer clusters in C3 and C4, whereas Irx1 is more abundant in AC clusters C0 and C5. Lhx8 
expression is relatively low at stage 10½ and but its motif activity was mostly restricted to C2 cells, 
with some activity in C3 and C4 where Lhx8 is also expressed. These results identify potential 
regulators of the gene regulatory network in early gastrula embryos. This raises the question 
how these transcription factors contribute to gene regulation, and whether some of these factors 
can act in a combinatorial fashion in promoting cluster-specific or regional gene expression.
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Figure 5. Integration of single cell transcriptomics and chromatin accessibility, for identifying regulators driving 
cluster specifi c gene expression. 
A. Heatmap showing motif activity inferred from diff erential chromatin accessibility of stage 10½ - AC -DMZ. B.
Heatmap showing motifs identifi ed based on regulatory regions closest to cluster-specifi c genes, and regression to cluster 
gene expression. C. Heat map of transcription factor (TF)-motif combinations showing cluster-specifi c motif activity 
(z-score, color) and gene expression (size of dot). Motifs and the Motif-TF combinations were hierarchically clustered.
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Combinatorial action of transcription factors induces organizer gene expression in animal 
cap explants 
To address the contributions of the transcription factors identified by integrated analysis of 
single cell transcriptomes and chromatin accessibility, we selected candidates for functional 
characterization based on cluster-specific motif activity and gene expression in DMZ clusters. 
We selected Lhx8 (DMZ clusters C2-C4, resp. putative involuted mesoderm, head organizer, 
trunk organizer), Irx3 (C4), Otx2 (C4), Foxb1 (C6, upper blastopore) and Eomes (C6) to test 
their ability to induce DMZ gene expression in AC. We injected synthetic mRNA encoding 
these factors in the animal pole of one-cell stage embryos, cut animal caps at the blastula stage 
(stage 8), and collected the animal caps for RNA-sequencing when control embryos reached 
stage 10½. We also injected combinations of foxb1 and eomes, as well as irx3 and otx2 mRNA. 
Differential gene expression analysis identified a total of around 600 genes (Fig. 6A, Dataset 
EV6) that were differentially expressed (DE) in the overexpressing AC explants compared to 
water-injected AC explants (adjusted p-value < 0.05, fold change >= 2). Among individually 
overexpressed transcription factors, eomes and otx2 overexpression had a larger effect on the 
transcriptome compared to foxb1, irx3 or lhx8 overexpression (Fig. 6A, Dataset EV6). The 
combination of foxb1 and eomes resulted in a marked difference in transcriptional response, with 
some genes activated more strongly and other genes less strongly compared to eomes alone. For 
example, whereas fst was robustly upregulated in eomes but not in eomes-foxb1-injected caps, frzb 
was induced only in eomes-foxb1 caps. The combination of irx3 and otx2 resulted in a pattern 
of up- and downregulation that was similar to that caused by otx2 alone, but a relatively small 
number of genes was upregulated more strongly when the two factors were combined. Lhx8-
injected caps showed less profound activation of DMZ-expressed genes compared to eomes or 
otx2 injections. Nonetheless, several of the most strongly induced genes in foxb1-eomes caps were 
also expressed in lhx8 caps. In all these AC explants with overexpressed DMZ factors, genes with 
mesendodermal or organizer expression such as t (tbxt), mixer, vegt, foxa1, nog, foxd4, chrd, gsc, 
and sox17 were activated, whereas the expression of AC genes like tfap2a and foxi4.2 was reduced 
(Fig. 6A, Dataset EV6).
 
To define the induced cell states, we compared the profiles of overexpression RNA-seq samples 
and the single cell clusters. We performed a correlation analysis using the expression values of 
genes common between differentially expressed genes in the bulk data set, and hypervariable 
genes in the single cell data set (Fig. 6B). Eomes by itself induced transcriptomic changes 
that are related to the gene expression profiles of C3-C4 cells (organizer), and Foxb1-induced 
transcripts correlated with C4 (presumptive trunk organizer) and C6 (upper dorsal blastopore 
lip) expression. In combination, however, these factors increase the transcriptome similarity 
to C2-C3-C4 cells, whereas the correlation with C6 gene expression is similar to that caused 
by Foxb1 alone. Irx3 and Otx2 individually cause some similarity to respectively C3 and C4 
cells, whereas in combination the correlation with both C3 and C4 cells is increased. Lhx8 
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overexpression caused expression of organizer and mesodermal genes (gsc, chrd, t, mespb, wnt11-
like) and the induced transcriptome correlated most strongly with C4, with lower correlations 
with C3 and C2 cells. Th ese data show that all these factors induce transcriptional changes 
related to mesodermal and organizer cells, and moreover that Foxb1-Eomes and Irx3-Otx2 cause 
qualitatively and quantitatively diff erent eff ects when expressed in combination. Notably these 
eff ects diff er for specifi c spatial gene expression programs, as Foxb1-expressing AC cells partially 
recapitulate the transcriptome observed in upper blastopore lip (C6) cells, but the resemblance 
to C6 expression is unaff ected by Eomes co-expression.
Previously, we defi ned sets of promoters based on whether they required embryonic transcription 
for gaining the permissive promoter mark H3K4me3 (Hontelez et al, 2015). Maternally and 
zygotically defi ned (MaD, ZyD) H3K4me3 on promoters is related to DNA methylation; 
unmethylated CpG island promoters acquire H3K4me3 independent of embryonic transcription, 
revealing mechanistically diff erent modes of transcriptional activation. We wondered to what 
extent the transcription factors tested in this study, could activate genes in zygotic regulatory 
space, alone or in combination. We tested if genes more than two-fold upregulated with these 
transcription factors were enriched for ZyD H3K4me3 genes. We found insignifi cant or no 
enrichment of ZyD genes among genes activated by individual transcription factors in AC, with 
the exception of Lhx8 (hypergeometric p-value 0.001; Fig. 6C). Rather, ZyD H3K4me3 genes 
were depleted among genes which expression was increased in Eomes (p-value 0.006), Otx2 
(p-value 0.0009) and Irx3 plus Otx2-injected (p-value 0.00004) animal caps. We also wondered if 
the Foxb1-Eomes and Irx3-Otx2 combinations could activate genes synergistically and identifi ed 
just over 40 genes with more than two-fold cooperativity for each group (fold change >=2 and 
fold change >= 2x the product of individual fold changes). Frzb and chrd were among the top 
genes induced synergistically by Foxb1-Eomes, whereas and dmbx1 (otx3), pcdh8, sp5, nog and 
lhx8 were among the genes induced synergistically by Irx3-Otx2 (Dataset EV6). Lhx1, chrd, gsc
and 7 other genes were synergistically induced by both combinations of transcription factors. 
Th e two groups of synergistically activated genes included ZyD H3K4me3 genes, however, they 
were neither enriched nor depleted signifi cantly in these groups. Th ese results indicated that 
the Foxb1-Eomes and Irx3-Otx2 combinations had cooperative roles in regulating organizer 
gene expression in animal caps. Together, these observations indicate that Eomes, Otx2 and the 
combination of Irx3 and Otx2 tend cause expression of genes that have maternally controlled 
H3K4me3-decoration of their promoters, whereas H3K4me3-marking of a relatively high 
number of genes induced in Lhx8-caps requires zygotic transcription.
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Figure 6. Induction of organizer gene expression in AC cells. 
A. Heat map showing log2 fold expression changes of differentially expressed genes in AC tissues overexpressing Foxb1, 
Foxb1-Eomes, Eomes, Irx3, Irx3-Otx2, Otx2 and Lhx8. B. Correlation heat map of overexpression RNA-seq samples 
and single cell clusters. C. Fold enrichment of genes with zygotically defined (ZyD) H3K4me3 at their promoter in AC 
with transcription factor overexpression. Asterisk indicates hypergeometric p-value <= 0.01.
DISCUSSION
This study explores the relationships between chromatin state, regulatory elements and spatial 
regulation of gene expression during early development. Genome wide analysis of chromatin 
accessibility demonstrated pluripotent animal cap (AC) cells to have open chromatin for both 
ectoderm-expressed and mesoderm-expressed genes, whereas dorsal marginal zone (DMZ) cells 
exhibit a more restricted pattern of chromatin accessibility. This is concordant with studies that 
have shown that embryonic stem cells cultured in vitro, have a more open, accessible chromatin 
compared to differentiated cells (Schlesinger & Meshorer, 2019). Lineage commitment involves 
changes in accessibility of genes with lineage-restricted expression, many of which are accessible 
in pluripotent cells but inaccessible in lineages where they are not expressed. Similarly, we 
found that DMZ cells exhibit reduced chromatin accessibility for ectodermal genes. The earliest 
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accessibility detected with the ATAC-seq method roughly coincides with the mid-blastula 
transition. Th is suggests that early development involves a major transition from a generally 
closed chromatin state to an open state that accommodates developmental competence. Th is is 
in line with studies showing that maternal transcription factors, such as Pou5f3, Sox3, Foxh1, 
Otx1 and Vegt, not only bind to DNA before zygotic genome activation, but also have a role in 
opening up chromatin (Paraiso et al, 2019; Gentsch et al, 2019). Chromatin characteristics such 
as DNA methylation (Hontelez et al, 2015) and chromatin accessibility (Esmaeili et al, 2020) of 
Wnt targets has been suggested to represent an early-late switch in Wnt signaling  (Nakamura 
et al, 2016; Hontelez et al, 2015). Apart from a few early but important Wnt signaling targets, 
our data suggests that signaling-induced transcriptional programs are broadly facilitated by open, 
accessible chromatin during gastrulation.
During gastrulation, cellular heterogeneity rapidly increases beyond regional diff erences due to 
induction and morphogenesis. Analysis of blastula, early gastrula and mid-to-late gastrula single-
cell data showed well-resolved cellular trajectories for non-neural ectoderm, neural ectoderm, 
mesoderm and organizer mesendoderm. Sequencing hand-picked single cells from dissected 
AC and DMZ tissue achieved both a known spatial localization and a deeper transcriptome 
of the cells, allowing a more detailed characterization of cell clusters. We identifi ed organizer 
mesendodermal cells that express relatively high levels of Wnt inhibitors, constituting the head 
organizer, in addition to organizer mesodermal cells that did not abundantly express endoderm 
genes or Wnt inhibitors, the prospective trunk organizer. In addition, we identifi ed cells with 
expression patterns consistent with superfi cial mesoderm and upper blastopore lip. Our analysis 
of whole embryo data supports the competence of sox2/sox3-expressing ectodermal cells for both 
neural as well mesodermal induction at an early gastrula stage. At the bifurcation of the neural 
and mesodermal trajectories, some of the cells express both sox2 and t (tbxt), which have been 
shown to promote respectively neural and mesodermal fates in an antagonistic fashion (Gentsch 
et al, 2013; Koch et al, 2017). Th ere is a continuum between non-organizer and organizer 
mesoderm in the two-dimensional representation of the cells, with head and prospective trunk 
organizer cells exhibiting a more distinct identity. 
By integrating single-cell transcriptomics and chromatin accessibility landscapes, we identifi ed 
active motifs and associated transcription factors, which, when expressed in animal caps, induced 
organizer gene expression. Eomes induced fst, an activin and BMP antagonist, whereas frzb, a 
Wnt- antagonist, was highly enriched in foxb1-eomes injected caps. Eomes and other T-box 
transcription factors are expressed in partially overlapping expression domains, with Eomes 
expressed in prospective head mesoderm (Gentsch et al, 2013). Foxb1 can be induced by FGF 
signaling (Chung et al, 2004), and is expressed in non-involuted mesoderm and upper blastopore 
lip during early gastrulation (Gamse & Sive, 2001). In our data, delta-like dll1 expression is 
moderately enhanced by foxb1-eomes overexpression in animal caps. Its expression has been 
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reported in dorsal marginal zone and prospective mesoderm, as well as neuroectoderm (Kinoshita 
et al, 2011), where it is involved in lateral inhibition of neurogenesis. Whereas foxb1 by itself 
induces a gene expression pattern similar to that observed in the upper blastopore lip cells, it 
also induced head organizer gene expression, especially in combination with eomes. Notably 
frzb, chrd and gsc are strongly induced by the Foxb1-Eomes combination. Ectopic expression of 
iroquois3 in zebrafish (iro3, irx3 in frogs) induced organizer gene expression, including that of 
lhx1 and chrd (Kudoh & Dawid, 2001). In our experiments irx3 by itself induced some organizer 
gene expression in animal caps, but in combination with otx2 expression this was strongly 
enhanced. Previously we showed that the embryonic chromatin state of promoters is largely 
established by maternal factors (Hontelez et al., 2015). This observation extends to the promoters 
of genes that are activated by zygotic transcription factors. In this study we find that zygotic 
factors such as Foxb1, Eomes, Irx3 and Otx2 predominantly act within open chromatin, using 
promoters that have gained the H3K4me3 permissive promoter mark by the activity of maternal 
factors. Interestingly the combinatorial action of the transcription factors indicates that their 
contributions to the early developmental program are not simply additive. We observed that the 
transcription factors, while strongly inducing the expression of many organizer-expressed genes, 
did not induce highly cluster-specific patterns of gene expression (foxb1-eomes C6; irx3-otx2 
C3). This indicates that their role is more selective or that their effects are further modified by 
other transcription factors and signaling. Single cell technologies hold great promise to analyze 
developmental gene regulation, especially when combined with spatial techniques. Future single 
cell analyses and perturbation studies will not only build on the current approaches, but will also 
provide the data and analytical power to reconstruct the gene regulatory networks in a spatio-
temporally resolved manner. 
MATERIALS AND METHODS 
Xenopus embryo manipulation
X. tropicalis embryos were obtained by in vitro fertilization, dejellied in 3% cysteine and collected 
at the desired stages. Fertilized eggs were injected with 500 ng of synthetic mRNA at the 1-cell 
stage and cultured until control embryos reached stage 8. Animal caps were explanted at stage 8 
and cultured until stage 10.5 in 0.1x MMR. Animal use licenses were provided by DEC permits 
RU-DEC 2012–116, 2014–122 and CCD approval AVD1030020171826.
Stage and tissue-specific ATAC-seq
ATAC-seq was performed as described (Bright & Veenstra, 2018). Library quality was assessed 
using the Agilent Bioanalyzer High-Sensitivity DNA kit for checking the fragment size 
distribution and signal to noise ratio was checked by performing qPCR primers spanning open 
and closed regions. Fragments above 700 bps were removed using AMPure XP beads to reduce 
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unamplifi ed clusters during sequencing. Th e concentration of the prepared library was quantifi ed 
using Qubit and KAPA library quantifi cation kit. Th e libraries were sequenced on the Illumina 
HiSeq 2500 with 43 bps paired-end reads each (Dataset EV7). ATAC-seq reads were processed 
using the seq2science pipeline (v0.3.0; https://github.com/vanheeringen-lab/seq2science). 
After demultiplexing, the reads were trimmed using fastp v0.20.1 (Chen et al, 2018) and aligned 
to the X. tropicalis genome (xt9.0 and xt10.0) with bwa-mem v0.7.17 using default settings. 
Reads mapping to mitochondrial DNA were excluded from the analysis together with low-
quality reads including repeats and duplicates (MAPQ < 10). All mapped reads were off set by +4 
bp for the +strand and −5 bp for the −strand. Peaks were called for each sample using MACS2 
v2.2.7 (Zhang et al., 2008) with parameters “-q 0.05 --nomodel –shift -100 --extsize 200 –keep-
dup 1”.
Single-cell ATAC-seq
Nuclei were isolated with a method adapted from Mariano (Mariano, 1964). Briefl y, 100 Xenopus
embryos were suspended in 300 µl ice- cold E1-buff er (110mM KCl, 50mM Tris-HCl pH 7.4, 
5mM MgCl2, 0.1mM EDTA, 2mM DTT) containing 0.25M sucrose. To the sample, 2.4ml 
ice-cold E1-buff er with 2.2M sucrose was added and gently mixed. Th e embryo suspension was 
then layered on a 150µl cushion of ice-cold 2.2M sucrose in a SW60 Beckman polyallomer tube. 
Nuclei were pelleted by centrifugation at 130,000g at 40C. Th e pellet was carefully resuspended 
in 250µl nuclear buff er (25% glycerol, 25mM Tris-HCl pH 7.4, 70mM KCl, 5mM MgCl2, 
0.2mM EDTA, 2mM DTT) and nuclei were washed twice by spinning them through a 20µl 
80% glycerol cushion. After the last wash, the nuclei were resuspended in 200µl 1x nuclei buff er 
(10x Genomics). Libraries were generated using Chromium Single Cell ATAC (v1.1 Chemistry; 
10X Genomics). Base calling, demultiplexing and mapping was performed using cellranger-atac 
(v1.2.0, 10X Genomics). Th e reads were mapped to the X. tropicalis genome (xt10.0), downloaded 
from Xenbase (http://www.xenbase.org/, RRID:SCR_003280) (Karimi et al, 2018). Sequencing 
and mapping statistics are presented in Dataset EV7. Barcodes with low sequence coverage (cells 
with <1000 transposition fragments), low enrichment (TSS enrichment < 4.5), or highly variable 
chromosome coverage (unique fragments per Mbp, calculated per chromosome; coeffi  cient of 
variation of chromosome coverage > 1) were excluded from downstream analysis.
Single cell RNA and total RNA library preparation and sequencing
Dissected embryo explants were dissociated into single cells using Ca2+ and Mg2+ free 
media (Sive et al, 2007). 200 cells were picked for performing single-cell RNA-seq using the 
modifi ed version of STRT-seq protocol (Dong et al, 2018; Islam et al, 2012)  ERCC spike-
in RNA (Th ermo Fisher scientifi c, 4456740) was added to the lysis buff er. After the reverse 
transcription reaction, we performed 4 + 16 cycles of PCR amplifi cation for cDNA synthesis. 
Amplifi ed cDNA was purifi ed with the Zymo purifi cation kit and Agencourt AMPure XP beads 
respectively and its concentration was measured with Qubit® 2.0 Fluorometer (Q32866, Life 
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Technologies). The quality of the amplified cDNA and distribution of DNA fragment size were 
assessed by Agilent 2100 Bioanalyzer (Agilent Technologies) with the High Sensitivity DNA Kit 
(5067-4626, Agilent). The sequencing libraries were prepared using the KAPA Hyper Pre-Kit 
(KR0961 – v6.17, Kapa Biosystems). The concentrations of the fragments with the approximate 
indexed adapters were quantified by KAPA library quantification. The libraries were sequenced 
in the Illumina platform and the data were mapped using Bowtie (version: 1.2.2) (Langmead & 
Salzberg, 2012) to the indexed files of the xt9 genome (cf. Dataset EV7).
 
Total RNA was extracted from animal caps using our in-house adapted Trizol-Zymo Hybrid 
protocol. The concentrations of all the RNA samples were measured using the DeNovix dsDNA 
High Sensitivity Assay (Catalog number: KIT-DSDNA-HIGH-1). The cDNA was constructed 
using KAPA RNA HyperPrep with RiboErase (Catalogue Number: 08278555702, Kapa 
Biosystems). We checked the quality of the samples by RT-qPCR using primers spanning coding 
regions of candidate and housekeeping genes.
ATAC-seq data analysis
Differential peaks were identified using DESeq2 (Love et al, 2014) and were used for further 
downstream analysis. Heatmaps were generated using fluff (Georgiou & van Heeringen, 2016). 
Differential peaks were then annotated to the closest gene using BEDtools (Quinlan & Hall, 
2010) intersect with GREAT regions (McLean et al, 2010). Genome-wide boxplots of accessibility 
and transcriptional signal were plotted using ggplot2 (Wickham, 2016). Motif analysis on peak 
regions was performed using GimmeMotifs (Bruse & Heeringen, 2018). Analysis of single-
cell ATAC-seq data was performed using ArchR (v0.9.5, https://www.archrproject.com/), with 
barcode filter settings (fragments > 1000, TSS enrichment > 4.5) and clustering resolution 0.2. 
Pseudo-bulk profiles of the single-cell clusters were analyzed for motifs using GimmeMotifs.
 
Single-cell RNA-seq data analysis
The dataset was filtered and quality checked for cells and genes using the package Scater 
(McCarthy et al, 2017). The filtered dataset was further loaded into R package Seurat (Satija 
et al, 2015). The hypervariable genes were used for principal component analysis, from which 
the statistically significant PCs were used for UMAP projection (dimensionality reduction). 
We identified seven distinct clusters of cells using the FindClusters function in Seurat. Based 
on the predicted clusters, the marker genes relevant to each cluster were taken for further 
analysis with other datasets. Processing and visualization of the whole embryo single-cell RNA-
sequencing data (Briggs et al, 2018) were performed with scanpy (Wolf, Angerer and Theis, 
2018). Stage 10½ AC and DMZ single cell clusters were placed in the whole embryo data based 
on Spearman correlations between clusters of both data sets, based on cluster mean expression of 
the hypervariable genes common to the two data sets. 
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Integration of ATAC-seq and single cell RNA-seq
Top hypervariable genes (HVGs) from the scRNA-seq analysis were associated with the closest 
AC- DMZ ATAC-seq peaks using GREAT analysis (Fig. 5B-C). Th is peak-to-gene model 
comprised of a matrix, with rows as peak locations and columns as expression values of target 
genes across the seven clusters. Th is was used as input of motif prediction using the gimme 
maelstrom function of GimmeMotifs (Bruse & Heeringen, 2018). Th e transcription factors 
associated with the predicted motifs were then screened based on their correlation between motif 
activity and their gene expression across the clusters.
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Figure EV1. Chromatin accessibility at promoters and enhancers.
Clustering of ATAC-seq signal at ATAC-seq peaks (center of heatmap, +/- 5 kb) along with p300 and H3K4me3 ChIP-
seq signals at stage 9 (blastula), 10½ (early gastrula), 12 (late gastrula) and 16 (neurula). A. Clustering (k 8) on all peaks. 
B. Clustering (k 6) on diff erential ATAC-seq peaks. H3K4me3 marked promoter regions have mostly stable accessibility 
across the stages, whereas diff erential accessibility seems restricted to enhancers (p300-bound). C. Expression profi les of 
genes associated to cluster Fig. 1B. In the graph, the dots represent median expression values (transcripts per million) of 
genes. Th e solid lines connect these expression values across each stage.
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Figure EV2. Region-specific chromatin accessibility.
A. Genome browser view of AC and DMZ ATAC-seq at regulatory regions of key pluripotency genes (pou5f3.3, ventx1.2, 
sox2 and ventx1.1). Most of the genes show relatively higher accessibility for animal cap cells and lower signals in DMZ. 
B-C. Sample statistics for single-cell ATAC-seq clusters A1-A3. The ridge plots display the distribution of transcription 
start site (TSS) enrichment (B) and unique nuclear fragments (log10 of nFrags; C) over the cells in clusters A1-A3. The 
TSS enrichment is determined by the peak signal (centered at the TSS of annotated genes) relative to the flanking regions 
(+/-1900-2000 bp). Unique nuclear fragments represent those fragments that do not map to mitochondrial genome.
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A   Cell type annotation
B   Clusters with cell type annotation
Figure EV3
Figure EV3. Single-cell transcriptome analysis of early development.
Analysis of single cell RNA-seq data (Briggs et al, 2018). Panels depict 7,705 fi ltered cells of stage 8, 10 and 12 embryos, 
shown in Uniform Manifold Approximation and Projection (dimensionality reduction). A. Cell type annotation based 
on marker gene expression (Briggs et al, 2018). B. Cell clusters (Louvain clusters L0-L20) based on hypervariable genes, 
labeled with predominant cell type annotation. Cluster labels contain cluster number, followed by predominant cell 
annotations and the stage it was derived from in brackets. Abbreviations: NoNEct, non-neural ectoderm; Neur, neural 
plate; O, organizer; End, endoderm; Not, notochord; VMes, ventral mesoderm; Ect, ectoderm; Blas, blastula; NEct, 
neural ectoderm; InvDMes, involuted dorsal mesoderm; MZ, marginal zone; Tlbd, tailbud; Cil, ciliated epidermal 
progenitor; Misc, miscellaneous.  
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    Correlation of AC and DMZ clusters C0-C6 with whole embryo stage 8, 10 and 12 clusters
Figure EV4
Figure EV4. Correlations of region-specifi c and whole embryo single cell clusters. 
Plots with whole embryo scRNA-seq data, showing for each cell the gene expression correlation of the cluster it belongs 
to, with each of the AC-DMZ clusters (C0-C6).
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Figure EV5. Transcription factor motifs and expression of single cell clusters 
A. Heatmap showing motif activity inferred from diff erential chromatin accessibility of single-cell ATAC-seq. B. 
Schematic overview, outlining the steps involved in the integrative analysis: (1) Identifying transcription factor motifs 
associated with regulatory regions closest to cluster-specifi c genes, and regression to cluster gene expression; (2) Prioritizing 
transcription factors based on their gene expression and the corresponding motif activity in specifi c clusters. Combining 
the information (lower right panel) on motif activity (color of dots) and corresponding transcription factor expression 
(size of dots) allows prediction of factors that may play a role in cell cluster-specifi c gene expression. C-D. Heatmaps of 
transcription factor-motif combinations showing cluster-specifi c motif activity (z-score, color) and transcription factor 
expression (size of dot) for animal cap (panel C) and dorsal marginal zone (panel D) peak sets.
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Appendix Figure S1. Feature maps of marker gene expression in whole embryo scRNA-seq data. 
Th e genes were selected on the basis of published literature and for variable gene expression between single cell clusters. 
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Appendix Figure S2. A. Heatmap showing gene expression in AC-DMZ scRNA-seq data for 
selected genes. B. Feature maps of marker gene expression in AC-DMZ scRNA-seq data. Please 
note that the same genes were selected for Appendix Fig. S1 and S2.  
4
Appendix Figure S2. 
A. Heatmap showing gene expression in AC-DMZ scRNA-seq data for selected genes. B. Feature maps of marker gene 
expression in AC-DMZ scRNA-seq data. Please note that the same genes were selected for Appendix Fig. S1 and S2. 
563511-L-bw-Briht
Processed on: 23-7-2021 PDF page: 92
Chapter 4
92
  srsf7   sox17a
  irx3 (para-saggital)
dorsal view
 irx3
  lhx8   otx2   chrd
  zic3
  fgf8   foxb1





Appendix Figure S3. 
Whole mount in situ hybridization of selected genes in saggitally bisected stage 10½ embryos. Insets show lateral view 
of complete embryos. Arrow heads indicate the location of dorsal blastopore lip, small arrows are added at locations of 
expression for emphasis. Dorsal side is to the right. For irx3, both saggital and para-saggital bisections are shown, in 
addition to insets of lateral and dorsal views of whole embryo staining. 
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ABSTRACT
Chromatin features such a chromatin accessibility and histone modifi cations are established 
early in development, and are fundamental for the regulation of gene expression and cell fate. 
Maternally expressed factors play a major role in H3K4me3 and H3K27me3 deposition on 
promoters, whereas p300 is mainly recruited to enhancers by zygotic factors. However, to what 
extent maternal and zygotic factors aff ect chromatin accessibility and other histone modifi cations 
is unknown. To look into the eff ects of maternal and zygotic TFs, Xenopus embryos were injected 
with alpha-amanitin, blocking zygotic transcription. ChIP-seq and ATAC-seq revealed that 
chromatin accessibility, H3K4me1 and H3K9ac are for the large part unaltered in absence 
of zygotic transcription compared to normal embryos, suggesting that they are controlled by 
maternal factors. Promoters and enhancers that are defi ned by zygotically H3K4me3 and p300 
maintained chromatin accessibility and H3K4me1, albeit at modestly reduced levels compared 
to control embryos. Our results show that the initial establishment of chromatin features are 
predominantly under the control of maternal factors. Th is implies  an intermediate regulatory 
state defi ned by maternal factors where chromatin is primed yet inactive until binding of 
zygotically synthesized regulatory proteins. 
Keywords
Chromatin, embryonic transcription, zygotic genome activation, maternal factors, priming, 
open chromatin, methylation.
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During early development, the embryo acquires a pluripotent state after fertilization, which is 
followed by lineage commitment and lineage-specifi c patterns of gene expression. In all animals, 
the zygote is transcriptionally quiescent before it reaches the stage of pluripotency (Paranjpe & 
Veenstra, 2015). During this initial period, the embryo develops based on maternally provided 
proteins and transcripts. During zygotic genome activation (ZGA), new transcripts are made. In 
combination with degradation of maternal products, which typically is not complete until well 
after ZGA, this is referred to as the maternal-to-zygotic transition (MZT) (Vastenhouw et al, 
2019; Svoboda, 2018; Jukam et al, 2017; Yartseva & Giraldez, 2015). Th e increase in number of 
zygotic transcripts occurs as early as the two-cell stage in mouse but happens later in human (4 to 
8 cells), frog (mid-blastula stage in Xenopus, 4000 cells) and fi sh (zebrafi sh, 1000 cells). Studies 
done on frogs, fi sh, mice and humans have shown mechanisms regulating genome activation 
includes changes in cell-cycle, chromatin structure, histone marks, and activity of transcription 
factors. An increase in chromatin accessibility and deposition of specifi c histone modifi cations 
was observed in  Drosophila, zebrafi sh, mouse and human ( Blythe and Wieschaus, 2016; Gao et 
al., 2018; Li et al., 2018; Liu et al., 2018b; Lu et al., 2016; Wu et al., 2016; Wu et al., 2018). 
Th ese epigenetic features individually or in combination defi ne the chromatin state. Among 
these features, acetylation of H3K9 (H3K9ac) and tri-methylation of H3K4 (H3K4me3) are 
associated with transcriptionally active genes and open chromatin and are usually labelled as 
active chromatin marks. H3K27 and H3K9 tri-methylation (H3K27me3 and H3K9me3) are 
associated with closed inactive chromatin (Zhang et al, 2015). Histone H3K4 methylation by the 
MLL/SET1 family of histone methyltransferase is a well-established feature for both promoters 
and distal regulatory elements. Active gene promoters are characterized by H3K4me3, close to 
the Transcription start site (TSS), in comparison to the broad domain of H3K4me1 extending 
further downstream (Cheng et al, 2014; Barski et al, 2007). On the other hand, enhancers are 
characterized by H3K4me1, H3K27 acetylation (H3K27ac), and recruitment of histone acetyl-
transferase p300 (Cheng et al, 2014; Visel et al, 2008; Heintzman et al, 2007). 
Previously we examined the extent to which H3K4me3 promoter marking and p300 (Ep300) 
enhancer recruitment are dependent on zygotic transcription (zygotically defi ned, ZyD) or 
independent of zygotic transcription (maternally defi ned, MaD) (Hontelez et al, 2015). We 
found most promoters (86% or 90%, respectively) to have MaD H3K4me3 or H3K27me3, 
whereas p300 at enhancers is zygotically defi ned (ZyD) in most cases (85%). Th is suggests 
that promoters are mainly under maternal control whereas enhancers are part of the zygotic 
regulatory space. However, activation of promoters and enhancers is not merely defi ned by 
H3K4me3 and p300, respectively. Enhancers can be primed by H3K4me1 and active promoters 
are also decorated with H3K9ac. Both enhancers and promoters open their chromatin structure 
preceding or concomitant with activation, allowing transcription factors to bind to the DNA. 
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How these epigenetic characteristics shape the regulatory elements in the absence of embryonic 
transcription is still unclear. Here we further unravelled the extent to which promoters and 
enhancers are under maternal or zygotic control. We analyzed the role of zygotic transcription 
on H3K4me1, H3K9ac and chromatin accessibility (using ATAC-seq). We identify a hierarchy 
of histone modifications with significant maternal priming of enhancer regions, which however 
require zygotic transcription to recruit the p300 co-activator.
 
RESULTS
Control of chromatin accessibility, H3K4me1 and H3K9ac by maternal factors
To assess the extent to which chromatin accessibility and the H3K4me1 and H3K9ac 
modifications are under maternal or zygotic control, fertilized eggs were injected with alpha-
amanitin (a-am) and developed until stage 11. Alpha-amanitin effectively inhibits transcription 
by permanently blocking RNA polymerase II translocation on the chromatin (Chafin et al, 1995; 
Hontelez et al, 2015). Because it blocks new transcription, changes in chromatin state observed in 
the presence of a-am are brought about by maternal factors (either present as maternal protein or 
translated from maternally stored mRNA). To assess chromatin accessibility, ATAC-sequencing 
was performed on stage 11 a-am and control embryos. We identified 52,682 accessible regions 
in control embryos (Fig. 1A and B). We determined differential accessibility between control 
and a-am embryos, and found that 43,858 (83%) regions showed less than two-fold reduced 
accessibility in a-am-injected embryos (Fig. 1A lower panel, B, C-D left panel). Strikingly, none 
of the 8824 (17%) regions that were affected by inhibition of zygotic transcription completely 
lost accessibility signals, showing residual chromatin accessibility (Fig.1A upper panel, B, left 
panels in C-D). Next, we performed ChIP-seq of H3K4me1, which is generally found at active 
or poised promoters and enhancers, and H3K9ac, which is associated with transcriptional 
activity at promoters. For H3K4me1, 6809 (90%) peaks were found to be maintained in the 
a-ama injected embryos compared with control embryos (less than 2-fold reduced; Fig. 1A lower 
middle panel, D middle panel). Similarly, 5876 (86%) of the H3K9ac were maintained by the 
blocking of zygotic transcription (Fig. 1A lower right panel, D right panel). These observations 
raised the question how these marks are affected across promoters and enhancers. 
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A. Heat map on ZyD (upper panel) and MaD (lower panel) ATAC-seq, H3K4me1 and H3K9ac sites in a-amanitin and 
control (water-injected) embryos. B. Genome-wide profi les of ATAC-seq, H3K4me1 and H3K9ac for a-amanitin and 
control embryos from stage 11. Pink boxes highlight ZyD regions C. Boxplots showing relative RPKM (background 
corrected) for ZyD (lost) and MaD (maintained) ATAC-seq, H3K4me1 and H3K9ac. D. Pie charts showing percentage 
of ZyD and MaD regions for diff erent datasets.
Most promoters e xhibit maternally defi ned H3K4me1, H3K4me3 and chromatin 
accessibility
Previously, we found that maternally and zygotically-defi ned regulatory elements diff er signifi cantly 
in important molecular features such as DNA methylation (Hontelez et al, 2015). Unmethylated 
CpG island promoters predominantly featured maternally-defi ned H3K4me3 deposition, 
whereas CpG-methylated promoters mostly harbored zygotically determined H3K4me3. We 
therefore compared maternally and zygotically-defi ned (respectively MaD and ZyD) marks at 
the promoter-proximal regulatory regions. To this end, we selected ATAC-seq peaks overlapping 
with annotated transcription start sites. We found 13,326 MaD (62%) and 8,280 ZyD (38%) 
ATAC peaks overlapping with transcription start sites. Next, we analyzed the properties of 
H3K9ac and H3K4me1 at these promoter-proximal regions using K-means clustering of ATAC-
seq, H3K4me1 and H3K9ac ChIP-seq data from a-am injected and control embryos (Fig. 2A, 
Supplementary Fig. S1A lower panel). Th e regions with maintained accessibility in the absence 
of embryonic transcription (MaD ATAC) showed a relatively small change in H3K4me1 (1.64-
fold reduction) and an increase in H3K9ac (2.13-fold) deposition. Also, ZyD ATAC-seq regions 
showed a relatively small reduction in H3K4me1 (1.57-fold) and almost unchanged H3K9ac 
(1.08-fold). Interestingly, chromatin accessibility was never completely lost (Fig. 2A).
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Figure 2. Heatmap showing eff ects of other epigenetic marks on ZyD and MaD. 
A. ATAC-seq peaks. B. H3K4me3 peaks for a-amanitin treated and control embryos.
We wondered how these patterns relate to H3K4me3 deposition. We therefore grouped 
promoter regions based on MaD and ZyD H3K4me3 (Hontelez et al, 2015) and determined 
their enrichment for H3K4me1, H3K9ac and chromatin accessibility (Fig. 2B, supplementary 
S1B). When comparing a-am with control embryos, MaD H3K4me3 promoters showed 
moderately reduced chromatin accessibility (1.47 fold), as well as H3K4me1 (1.26-fold), 
but increased H3K9ac enrichment (1.70-fold; Fig. 2B, S1B lower panel). Th erefore, MaD 
H3K4me3 was strongly associated with MaD H3K9ac and less than two-fold reductions in 
chromatin accessibility and H3K4me1 at these promoters. ZyD H3K4me3 on the order hand, 
had moderately reduced chromatin accessibility (2.30-fold) and mildly reduced H3K4me1 
(1.58-fold), and H3K9ac (1.28-fold) in the absence of embryonic transcription (Supplementary 
Fig. S1B upper panel). Th ese observations show that H3K9ac and H3K4me3 are co-regulated 
by maternal factors. Chromatin accessibility and H3K4me1, on the other hand, showed only 
modest decreases on these subsets of promoters, indicative of a pervasive and relatively large 
infl uence of maternal factors in mediating chromatin opening and H3K4me1 deposition at 
promoters, even on those that depend on new transcription for their H3K4me3 and H3K9ac 
modifi cations. 
Enhancer contribution and TF binding preference 
In our previous study, we have shown that p300 recruitment at enhancers is predominantly under 
zygotic control (Hontelez et al, 2015). We fi rst checked the chromatin accessibility at p300-
bound enhancers with ATAC-seq. Non-promoter ZyD ATAC regions showed strongly reduced 
p300 levels marked with residual H3K4me1 (Supplementary Fig. S2). Similarly, non-promoter 
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ZyD p300 regions exhibited decreased chromatin accessibility (4.80-fold) and H3K4me1 (1.80-
fold) in a-am embryos (Fig. 3A-B, upper panels). Here also we observed residual signals for 
these marks in a-am embryos in comparison to the loss of p300. Th is suggests, as in the case of 
ZyD H3K4me3 promoters, that maternal factors can establish an intermediate regulatory state 
on ZyD p300 enhancers with modest chromatin accessibility and H3K4 mono-methylation. 
By comparison, chromatin accessibility and H3K4me1 at MaD p300 enhancers were almost 
unaff ected by embryonic transcription (Fig. 3B).  
We next asked what happens at the relatively few putative enhancers where H3K4me1 appears 
zygotically defi ned. To address this question, we subdivided the putative enhancer elements 
based on ZyD and MaD H3K4me1 signals. ZyD H3K4me1 regions generally exhibit very low 
levels of both H3K4me1, chromatin accessibility, p300 binding and enrichment of H3K4me3 
and H3K9ac (Fig. S3), suggesting that they potentially are very weak regulatory elements, even 
in control embryos. Th is result implies that, similar to the situation at promoters, at enhancers 
H3K4me1 deposition is largely under maternal control with robust signals. By contrast, p300 



















































A. Heatmap on ZyD and MaD  p300 binding sites for a-amanitin treated and control embryos. B. Boxplots showing 
relative RPKM (background corrected) of p300, ATAC-seq and H3K4me1data on ZyD and MaD p300 peaks. 
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Transcription factor binding in relation to chromatin accessibility
Next, we asked how MaD and ZyD chromatin accessibility could be related to transcription 
factor (TF) binding. We used the currently available ChIP-seq data for Gsc, Otx2, T (Tbxt), 
Eomes, Vegt, β-catenin (Ctnnb1) and Foxh1 in addition to Sox2 which we newly generated. We 
intersected the binding sites of each transcription factor with MaD and ZyD ATAC-seq regions 
at proximal (promoter) and distal (enhancer) regions and also calculated the enrichment. As 
expected, binding of TFs that are strongly upregulated during early development (Eomes, Gsc, 
Otx2, Sox2, Tbxt), was substantially enriched in ZyD-ATAC promoters, and to a somewhat 
smaller extent in ZyD-ATAC enhancers (Fig. 4A, B, Tables 1 and 2). Vegt is maternally expressed 
at the vegetal pole (prospective endoderm) but is also zygotically activated at the marginal zone 
(prospective mesoderm) (Gentsch et al, 2013b). Binding of the maternal TF Foxh1 was depleted 
at ZyD promoters and enhancers. This is in line with the finding that Foxh1 binds to the 
genome before activation of zygotic transcription (Charney et al, 2017b). Overall zygotic TFs 
show enriched binding to ZyD promoters and enhancers. Chromatin binding by Foxh1 (neither 
depleted, nor enriched) and β-catenin to ZyD ATAC enhancers suggests a role for maternal TFs 
in establishing chromatin accessibility very early in development, allowing binding of zygotically 
expressed TFs.
Table 1: TF enrichment for Zygotic Promoters










All 13870 13326 544 0.039 1.000 0.000
Eomes 988 772 216 0.219 5.574 2.479
Gsc 166 108 58 0.349 8.908 3.155
Otx2 3293 3057 236 0.072 1.827 0.870
 Beta_catenin 3142 3012 130 0.041 1.055 0.077
Sox2 5002 4385 617 0.123 3.145 1.653
Foxh1 7982 7816 166 0.021 0.530 -0.915
T (Tbxt) 814 639 175 0.215 5.481 2.455
Vegt 3374 3025 349 0.103 2.637 1.399
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Table 2: TF enrichment for Zygotic Enhancers. 










All 38812 30532 8280 0.213 1.000 0.000
Eomes 7304 3051 4253 0.582 2.729 1.449
Gsc 1668 484 1184 0.710 3.327 1.734
Otx2 7442 3919 3523 0.473 2.219 1.150
Beta_catenin 5489 3207 2282 0.416 1.949 0.963
Sox2 19202 9430 9772 0.509 2.385 1.254
Foxh1 9102 7182 1920 0.211 0.989 -0.016
T (Tbxt) 5415 2409 3006 0.555 2.602 1.380
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Figure 4. 
Bar plots showing enrichment of TF binding on ZyD- ATAC in promoters (A) and enhancers (B).
DISCUSSION
In this study we analyzed the interplay between zygotic transcription and chromatin during 
the maternal to zygotic transition. Previously, we have shown that the deposition of H3K4me3 
and H3K27me3 in early embryonic development is predominantly independent of zygotic 
transcription. Here we extend this work to chromatin accessibility, H3K4me1 and H3K9ac. 
We observed that chromatin accessibility and histone modifi cations are largely determined by 
maternal factors. However,  in the absence of zygotic transcription, promoter-proximal and 
promoter-distal regulatory elements that harbor ZyD H3K4me3 and ZyD p300, respectively, 
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still have some H3K4me1 deposition and accessible chromatin, albeit at a reduced level compared 
to the control embryos. The presence of residual accessibility suggests that maternal factors have 
an important role in chromatin accessibility of regulatory regions in late blastula to mid-gastrula 
embryos. H3K4me1 domains are smaller in a-am injected embryos compared with controls, 
suggesting that transcription and the expression of zygotic factors additionally contribute to 
H3K4me1, even though H3K4me1 priming of promoters is largely under maternal control. Our 
results support the notion that H3K4me1 precedes H3K4me3 and p300 during gastrulation. 
The presence of small ATAC-seq signals on ZyD p300 enhancer regions suggests that p300 
recruitment by zygotic factors takes place after partial opening of the chromatin by maternal 
factors. Our findings suggest that maternal factors can establish an intermediate regulatory state 
on ZyD H3K4me3 promoters and ZyD p300 enhancers with considerable chromatin accessibility 
and H3K4 mono-methylation. Foxh1 is known to mediate Nodal/TGF- β signaling and play an 
important role in mesendoderm gene expression. In line with our results, combinatorial binding 
of maternally expressed Otx1, Foxh1, and Vegt took place before the appearance of H3K4me1, 
p300 and RNA polymerase II recruitment (Paraiso et al, 2019; Charney et al, 2017a). Taken 
together, our data suggests a model of zygotically defined regulatory elements, which show partial 
chromatin opening and H3K4me1 modifications under the control of maternal factors. The 
maternally regulated poised state of zygotic regulatory elements shows how maternal and zygotic 
factors together orchestrate zygotic genome activation. 
METHODS 
Animal procedures
X. tropicalis embryos were obtained by in vitro fertilization. The embryos were dejellied in 3% 
cysteine and collected at the indicated stage. For alpha-amanitin treatment, embryos were 
injected with 2.3 nl of 2.67 ng µl−1 α-amanitin and cultured until control embryos reached 
stage 11. Animal use licenses were provided by DEC permits RU-DEC 2012–116, 2014–122 
and CCD approval AVD1030020171826.
ChIP-seq and ATAC-seq
Chromatin immunoprecipitation (ChIP) was performed of both α-amanitin-injected and 
control embryos using our published protocol (Hontelez et al, 2019). Samples were checked for 
their quality using qPCR pre- and post-library preparation. 
ATAC-seq was performed following Bright.et al (Bright & Veenstra, 2018). Fragment size 
distribution of the samples were assessed using Bio analyzer. Sample quality in terms of signal 
to noise ratio was measured by performing qPCR using primers spanning gene enriched and 
deserted regions. Concentration of the samples were determined Kapa Library Quantification. 
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After sequencing, both ChIP-seq and ATAC-seq samples were mapped to the reference X. 
tropicalis xt9.0 Assembly. 
Computational Analysis 
Peak calling was performed using MACs with standard settings and a q-value of 0.05. Broad peaks 
were called for H3K4me1 (ChIP-seq) and narrow peaks for ATAC-seq and H3K9ac (ChIP-seq). 
MAnorm (Shao et al, 2012) analysis was performed for identifying diff erentially enriched regions 
for both replicates separately. Diff erential peak sets commonly identifi ed both replicates were 
used for further analysis. All heatmaps were generated using Fluff  (Georgiou & van Heeringen, 
2016). 
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Supplementary Fig. S1. Boxplots showing relative RPKM values corresponding to Figure 2.
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Supplementary Fig. S2. Heatmap showing eff ects of other epigenetic marks on distally localized ZyD ATAC-seq 
peaks (putative enhancers). 
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Supplementary Fig. S3. Heatmap showing eff ects of other epigenetic marks on ZyD and MaD H3K4me1 peaks.
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Chromatin-based transcriptional regulation plays a huge role in pluripotency and cell fate 
commitment. Chromatin dynamics and chromatin accessibility are tightly regulated by 
histone modifi cations, DNA hypomethylation and transcription factors. Chapter 1 provides 
a brief introduction to chromatin features and how they infl uence gene expression during early 
development. Chapter 2 reviews how molecular mechanisms, particularly during reprogramming 
and diff erentiation, are diff erentially regulated by the interaction between transcription factors 
and chromatin. Chapter 3 provides a step-by-step protocol on how to perform ATAC-seq on 
early Xenopus embryos. We provide detailed information on the various quality checks and 
downstream analyses for the initial setup of the ATAC-seq pipeline. 
Th e central question we investigated in chapter 4 is the interplay of transcription and chromatin 
during the emergence of cellular heterogeneity. To understand the aforementioned regulatory 
phenomena, we performed a detailed characterization of chromatin accessibility and the 
transcriptome during gastrulation, using bulk and single cell analyses of whole and dissected 
embryos of Xenopus tropicalis. We generated genome-wide accessibility maps from blastula to 
neurula stage embryos. Diff erential regulatory regions were mostly enhancers, whereas promoters 
generally remained stable in their accessibility across the various stages. Animal cap cells displayed 
open chromatin for lineage-restricted genes, refl ecting their competence towards mesodermal 
induction. Next, we wondered if we could predict driver transcription factors (TFs) by integrative 
analysis of chromatin accessibility and the transcriptome. Th e activity of these transcription 
factors was tested alone and in combination by overexpression in animal caps. Th e expression 
profi le induced by Foxb1 and Eomes showed the highest correlation with head and trunk 
organizer tissue. Genes induced by Eomes, Otx2, or the Irx3-Otx2 combination were enriched 
for maternally regulated H3K4me3 modifi cations, whereas Lhx8-induced genes were marked 
more frequently by zygotically controlled H3K4me3. Our results show that transcription factors 
cooperate in a combinatorial fashion on open chromatin to orchestrate zygotic gene expression.
In chapter 5 we characterized the direct eff ects of maternal and zygotic factors on chromatin 
state. We observed that open chromatin and epigenetic modifi cations such as H3K4me1 and 
H3K9ac were minimally aff ected by the inhibition of zygotic transcription. Th ese observations, 
together with the previous results (Hontelez et al, 2015), showed that deposition of histone 
marks and chromatin opening is predominantly independent of zygotic transcription. Our 
results suggest that H3K4me1 deposition precedes H3K4me3 and p300 on elements that are 
under zygotic control. Th e presence of relatively low ATAC-seq signals on zygotically defi ned 
p300 regions suggests that p300 binding occurs after the opening of the chromatin.
Last, in chapter 6 the results are further discussed and concludes with a section on future 
perspectives. 
563511-L-bw-Briht
Processed on: 23-7-2021 PDF page: 116
Chapter 6
116
OPEN CHROMATIN DURING EARLY DEVELOPMENT
Gene regulation during early embryogenesis is influenced by various molecular mechanisms.
Elucidating the mechanisms that are responsible for the establishment of embryonic lineages is 
very important. Chromatin features and transcriptional profiles provided critical information 
on lineage-specific cellular states. Among chromatin features, accessibility is a highly dynamic 
chromatin property and plays an essential role in establishing and maintaining cellular identity 
(Agbleke et al, 2020; Peñalosa-Ruiz et al, 2019; Perino & Veenstra, 2016). The contribution 
of chromatin dynamics and its interplay with the transcriptome during development is still an 
important question under study. Interestingly, in our experiments, we observed regions getting 
more accessible from stage 9 onwards (chapter 4), supporting the possibility that chromatin gains 
accessibility for possible interactions with TFs and cofactors after the mid blastula transition 
(MBT). Before the mid-blastula stage the embryonic genome is not transcribed (Newport & 
Kirschner, 1982; Tadros & Lipshitz, 2009). Closed chromatin pre-MBT could be due to global 
transcriptional repression and serve as a protective mechanism against unintended TF interaction 
with regulatory regions. Chromatin accessibility profiling studies done in Drosophila, zebrafish, 
mice and humans showed that establishment of regulatory elements accompany transcriptional 
activation (Blythe et al, 2016; Liu et al, 2018; Lu et al, 2016; Wu et al, 2018). Similarly, a 
study done with Drosophila embryos showed that chromatin accessibility at regulatory regions is 
established sequentially and enhancer opening precedes accessibility at promoters and insulators 
(Blythe et al, 2016). Additionally, studies with mammalian cells have shown that enhancer 
activity precedes that of promoters, for example during reprogramming or differentiation 
(Taberlay et al, 2011; Arner et al, 2015). This appears to be different from what we have observed 
in early Xenopus embryos, in which chromatin accessibility appears at both putative promoter 
and enhancer regions after the mid-blastula stage. 
The distribution and degree of open chromatin across the genome reflect its possible interactions 
by which enhancers, promoters, insulators, and chromatin-binding factors cooperatively 
regulate gene expression. Further characterization of differential regions showed that most of the 
differentially accessible regions were enriched for p300 binding but not for H3K4me3. Active 
enhancers are often associated with transcriptional coactivators such as p300/CBP (May et al, 2012; 
Visel et al, 2009), while gene promoters differ from enhancers by their enrichment in H3K4me3 
(Shlyueva et al, 2014). Enhancers are necessary to integrate signaling and transcriptional changes 
that happen during developmental lineage commitment; they interact with promoters of the 
genes they control (Long et al, 2016; Field & Adelman, 2020). Accessible chromatin tends to 
be enriched for histone variants in their active context and facilitate transcription activation. 
Therefore, variable and dynamic chromatin accessibility is key to differential enhancer usage and 
activity during development. We demonstrate the utility of developmental genomic profiling for 
the inference of regulatory element usage during embryonic development. 
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CAN OPEN CHROMATIN PREDICT COMPETENCE?
After looking into the temporal progression of open chromatin, we were curious to understand 
how open chromatin is spatially regulated in diff erent cell types. We generated bulk and single-
cell ATAC-seq data for pluripotent (animal cap: AC) and organizer (dorsal marginal zone: 
DMZ) explants. Th e AC is pluripotent, but is fated to contribute mainly to epidermal and 
neural ectoderm. Th e DMZ is home to the Spemann-Mangold organizer and is the site where 
mesoderm induction takes place in addition to dorsal-ventral patterning and the earliest steps of 
neural induction. To infer the enhancer-to-gene relationships, we linked diff erential ATAC-seq 
peaks to the closest genes. Interestingly, we observed that animal cap cells have open chromatin 
for both ectodermal and mesodermal genes, whereas DMZ cells exhibited accessibility for 
mesodermal genes but not for ectodermal genes. Th is suggests that animal cap chromatin 
accessibility refl ects a competence towards mesoderm induction, whereas organizer cells are in 
much more lineage-restricted state. Additionally, accessibility signals at regulatory regions of 
pluripotent genes (pou5f3.3, pou5f3.1, sox2, and the Nanog-related genes ventx2.1, ventx1.1) 
were relatively strong in AC compared to DMZ. A study done on animal cap cells derived 
from blastula stage Xenopus embryos showed their ability to behave as pluripotent precursors, 
which can be directed to diff erentiate into various cell types (Borchers & Pieler, 2010; Jones 
& Woodland, 1987). Genome-wide studies to characterize the chromatin state of mammalian 
embryonic stem cells have demonstrated open chromatin to be required by pluripotent cells 
(Schlesinger & Meshorer, 2019). Recent work showed that loss of competence correlates with the 
absence of chromatin accessibility at relevant genes; concordantly, the ability to respond to Wnt 
signaling is extended by inhibition of histone deacetylation  at dorsal Wnt target gene promoters 
in Xenopus laevis (Esmaeili et al, 2020). Competence and loss of competence are fundamental to 
the developmental process, and the underlying mechanisms still need to be explored in-depth. 
Future work addressing the hierarchy of events associated with control of competence is essential 
to get a comprehensive view of cell fate specifi cation and patterning.
TRANSCRIPTIONAL CONTROL OF LINEAGE COMMITMENT
Transcriptional heterogeneity primes cells towards distinct lineages. Analysis of blastula, early 
gastrula, and mid-to-late gastrula single-cell data showed well-resolved cellular trajectories 
for non-neural ectoderm, neural ectoderm, mesoderm, and organizer mesendoderm (chapter 
4). Next, we asked whether we could defi ne the early events associated with mesodermal and 
epidermal lineage specifi cation during gastrulation. In addition to inferring the cellular trajectory 
from time course  single-cell gene expression in the embryo data from Briggs et al. (Briggs et 
al, 2018), we generated stage 10½ AC and DMZ spatially restricted single-cell transcriptome 
datasets . Based on the marker gene expression, clusters were annotated as Ectoderm inner layer, 
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Ectoderm outer layer, Involuting mesoderm, Head organizer, Trunk organizer, Ciliated cells, 
and Upper blastopore lip. We identified prospective head and trunk organizer cells at the early 
gastrula stage. We also identified bipotent precursors of neural and mesodermal lineages based 
on co-expression of sox2 and t (tbxt) at the early gastrula stage. Fate specification of neuro-
mesodermal progenitors during later stages of development, during axis elongation, was shown 
to be controlled by sox2 and t (tbxt) in an antagonistic fashion in both mouse and Xenopus 
(Gentsch et al, 2013; Koch et al, 2017). This raises the possibility that a similar mechanism may 
govern the specification of neural and mesodermal cells during gastrulation.
Heterogeneity at the single cell level can be described as different cellular states, but it is not clear 
how they are regulated in terms of chromatin and gene expression. After exploring the relationships 
between chromatin state, regulatory elements, and spatial regulation of gene expression during 
early development, we wondered if we could identify drivers of cellular heterogeneity. We 
integrated single-cell transcriptomics and the chromatin accessibility landscape, and predicted 
active motifs and associated transcription factors. The candidates were selected based on cluster-
specific motif activity and gene expression in DMZ clusters. The selected factors were Lhx8 
(DMZ clusters corresponding to putative involuted mesoderm, head organizer, trunk organizer), 
Irx3 (putative trunk organizer), Otx2 (putative trunk organizer), Foxb1 (upper blastopore lip), 
and Eomes (upper blastopore lip). We injected synthetic mRNA encoding these factors to the 
animal pole of one-cell stage embryos to functionally characterize these transcription factors in a 
pre-existing chromatin state. The combination of foxb1 and eomes resulted in a marked difference 
in transcriptional response, with some genes activated more strongly and other genes less strongly, 
compared to foxb1 and eomes alone. Foxb1 by itself induces a gene expression pattern similar to 
that of what was observed in the upper blastopore lip cells, whereas in combination with eomes, 
it additionally induced head organizer gene expression. In the case of irx3, it by itself induced 
some organizer gene expression in animal caps, but in combination with otx2 expression, this was 
strongly enhanced. Overall, these factors, when expressed in pluripotent animal caps, induced 
organizer gene expression. Our results show that specific combinations of TFs can change the 
specificity of target genes, not in an additive but a combinatorial way. A very famous example 
supporting the effect of combinatorial overexpression is reprogramming of induced pluripotent 
stem cells (iPS cells) from mouse fibroblast by co-expression of Oct4, Sox2, c-Myc, and Klf4 
(Takahashi et al, 2007). Another example is the combinatorial influence of Brn2, Ascl1, and 
Myt1l to induce neuronal cells from fibroblasts or human pluripotent stem cells (Pang et al, 
2011). Such combinatorial efficacy is often observed despite (partial) redundancy in function. 
In Xenopus, individual depletion of Sox3 and Pou5f3 showed less effective results, whereas 
their combined loss caused strong defects in transcription during ZGA (Gentsch et al, 2019). 
Various other aspects could affect the influence of TFs on target gene expression. First, being 
the chromatin state of the cell, histone modification by acetylation or methylation in addition 
to chromatin accessibility could shape chromatin in favor of specific DNA binding proteins. A 
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TF could recruit the p300 co-activator, leading to more accessible regulatory elements, hence 
facilitating binding of other TFs. Another aspect is the hierarchical organization of the gene 
regulatory network (GRN). Th e  consequences to changes in TF genes depends on the position 
of TF within GRN, as TFs belonging to the top of the regulatory hierarchy could bring a drastic 
eff ect in comparison to the ones  with less infl uence (Nowick & Stubbs, 2010).
TRANSCRIPTION-DEPENDENT ESTABLISHMENT OF CHROMATIN
Th e maternal-to-zygotic transition (MZT) is the fi rst major developmental transition in 
vertebrate embryos as maternal transcripts are degraded in combination with genome activation 
(zygotic genome activation, ZGA). Changes in the cell cycle, chromatin, and transcriptional 
machinery are some of the regulatory mechanisms associated with the regulation of ZGA (Schulz 
& Harrison, 2019). Studies have mainly focused on understanding various regulatory events 
associated with the MZT and ZGA. However, we lack a comprehensive view of how these 
events are regulated. It is not clear, for example, how chromatin regulation causally relates to 
ZGA and how it is regulated by maternal factors. To study this, we treated Xenopus embryos 
with α-amanitin, a powerful inhibitor of RNA polymerase II translocation on DNA, and 
performed ChIP-seq and ATAC-seq on control and α-amanitin-injected embryos. Previously 
(Hontelez et al, 2015), we observed that p300 recruitment to regulatory elements is largely lost in 
amanitin-injected embryos, suggesting that its recruitment is zygotically defi ned (ZyD), whereas 
deposition of H3K4me3 and H3K27me3 in early embryonic development is predominantly 
independent of zygotic transcription. Studies on  zebrafi sh, Xenopus, and Drosophila have shown 
genomic enrichment in H3K4me3 and H3K27me3 at the time of ZGA (Vastenhouw et al, 2019; 
Lindeman et al, 2011b; Van Heeringen et al, 2014; Akkers et al, 2009; Hontelez et al, 2015). 
Genes pre-marked by H3K4me3  acquire both H3K36me3 and RNAPII on the coding region 
(Lindeman et al, 2011a). Th eir median expression was higher than all transcriptionally activated 
genes, suggesting that pre-marking by H3K4me3 helps increase transcriptional activation. To 
some extent this is expected, because the general transcription factor TFIID binds to H3K4me3 
(Vermeulen et al, 2007). We extended our previous results by looking into H3K4me1, H3K9ac, 
and chromatin accessibility in alpha amanitin-injected embryos (chapter 5). We observed that 
H3K4me1, H3K9ac and chromatin accessibility were largely maintained in alpha-amanitin-
injected embryos. In Drosophila embryos, developmentally important enhancers decorated 
by H3K4me1 were prone to repression by H3K27 trimethylation or activation by H3K27 
acetylation and H3K79 trimethylation (Bonn et al, 2012). Th is deposition mode by H4K4me1 
could indicate the establishment of a transcriptionally permissive state to be compatible with local 
RNAPII recruitment and TF occupancy (Bonn et al, 2012). Interestingly, our results showed that 
ZyD-H3K4me3 promoters and ZyD-p300 regulatory elements to a large extent still acquired 
H3K4me1 and chromatin accessibility in the absence of zygotic transcription. Th ese results 
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suggest the initial establishment of chromatin features to take place in the absence of zygotic 
transcription under the control of maternal factors. In this way, the chromatin is maintained 
transcriptionally primed yet inactive until binding of newly synthesized regulatory proteins.
FUTURE DIRECTIONS
Fundamental questions regarding how cell acquire a certain state, how cells transition across cell 
states, and what factors drive their changes are remaining challenges to be answered completely. 
However, a fuller understanding of epigenetic regulation is rapidly emerging through development 
of novel technologies that can assay various features of epigenetics and gene regulation. Single cell 
measurements of RNA, DNA methylation, signaling epitopes and proteins can comprehensively 
characterize cell types and states (Gerlach et al, 2019; Markodimitraki et al, 2020; Brunner et 
al, 2020; Ma et al, 2020; Xing et al, 2020). Multiple studies have provided evidence on how 
highly interconnected the different layers of gene regulation are. This means that integrative 
analyses of multiple-layer inputs such as the epigenome, proteome, transcriptome, in addition to 
spatial profiling will be very rewarding. Chromatin profiling techniques like CUT&RUN and 
CUT&Tag provide information of TF binding at nucleotide resolution and at high sensitivity, and 
can determine the functional potential of the regulatory regions that determine the cellular state 
(Kaya-Okur et al, 2019; Zhu et al, 2021). Lineage tracing studies using DNA sequence barcodes 
would provide a comprehensive view of the developmental history of cells during embryogenesis. 
This may provide new insights on how and when to manipulate cells fates (McKenna & Gagnon, 
2019; Kester & van Oudenaarden, 2018). Spatially resolved technologies to determine cellular 
identity and function will help unravel important aspects of embryonic development such as cell 
migration, rearrangements that lead to germ layer positioning and cell-to-cell communication. 
Imaging or sequencing based spatial technologies also offers possibility to infer spatial expression 
patterns and cell-cell communication across neighboring cells (Xia et al, 2019; Rodriques et al, 
2019). In addition, gene regulatory networks associated to dynamic trajectory can be inferred. 
Finally, to exploit the full-potential of these approaches, computational methods for data 
integration are needed to help elucidate mechanisms underlying cellular identity and response 
in both health and disease (Colomé-Tatché & Theis, 2018; Packer & Trapnell, 2018; Argelaguet 
et al, 2020). 
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Chromatine en transcriptionele regulatie spelen een belangrijke rol bij pluripotentie en 
de diff erentiatie van cellen. De toegankelijkheid van chromatine wordt sterk gereguleerd 
door histonmodifi caties, DNA-methylering en transcriptiefactoren.  Hoofdstuk 1  geeft 
een korte introductie tot chromatinekenmerken en hoe deze genexpressie beïnvloeden 
tijdens de vroege ontwikkeling.  Hoofdstuk 2 beschrijft hoe moleculaire mechanismen, met 
name  tijdens  herprogrammering en diff erentiatie, diff erentieel worden gereguleerd door de 
interactie tussen transcriptiefactoren  en chromatine.  Hoofdstuk 3 biedt een protocol  voor de 
toepassing van ATAC-seq uit te voeren op vroege Xenopus embryo’s. We geven gedetailleerde 
informatie over de verschillende kwaliteitscontroles en downstream-analyses voor de initiële 
opzet van de ATAC-seq-pijplijn.
De centrale vraag die we in hoofdstuk 4 hebben onderzocht, is het samenspel van transcriptie en 
chromatine tijdens het ontstaan  van cellulaire heterogeniteit. Om de bovengenoemde regulerende 
verschijnselen te begrijpen, hebben we een gedetailleerde karakterisering van de toegankelijkheid 
van chromatine en het transcriptoom tijdens gastrulatie uitgevoerd, waarbij we gebruik hebben 
gemaakt van zogenaamde ‘bulk’ en ‘single cell’ analyses van hele en gedissecteerde embryo’s 
van Xenopus tropicalis.  We hebben toegankelijkheidskaarten gegenereerd van het genoom in 
blastula- tot  neurula-embryo  ‘s.  Diff erentieel gereguleerde regio’s waren meestal enhancers, 
terwijl promotors over het algemeen stabiel bleven in hun toegankelijkheid in de verschillende 
stadia. Cellen uit de animale pool (‘animal cap’) vertoonden open chromatine voor genen die 
specifi ek tot expressie komen in verschillende regio’s of kiemlagen van het embryo, met name in 
het mesoderm; dit weerspiegelt hun competentie tot mesodermale inductie. Vervolgens vroegen 
we ons af of we  de belangrijkste transcriptiefactoren konden voorspellen  door integratieve 
analyse van de toegankelijkheid van chromatine en het transcriptoom. De activiteit van deze 
transcriptiefactoren werd alleen en in combinatie getest door overexpressie in animal caps. Het 
expressieprofi el geïnduceerd door Foxb1 en Eomes toonde de hoogste correlatie met embryonaal 
weefsel dat van belang is voor de ontwikkeling van de kop en de romp van het embryo. Genen 
geïnduceerd door Eomes, Otx2 of de Irx3-Otx2-combinatie waren verrijkt voor maternaal 
gereguleerde H3K4me3-modifi caties, terwijl Lhx8-geïnduceerde genen vaker werden gemarkeerd 
door zygotisch gecontroleerde H3K4me3.  Onze resultaten laten zien dat transcriptiefactoren 
op een combinatoire manier samenwerken op open chromatine om zygotische genexpressie te 
verzorgen.
In  hoofdstuk 5  hebben we de directe eff ecten van maternale en zygotische factoren op de 
chromatinestatus gekarakteriseerd. We hebben waargenomen dat open chromatine en epigenetische 
modifi caties zoals H3K4me1 en H3K9ac minimaal werden beïnvloed door de remming van 
zygotische transcriptie. Deze waarnemingen tonen samen met eerdere resultaten (Hontelez et al , 
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2015) aan dat de afzetting van histonmarkeringen en chromatineopening overwegend onafhankelijk 
zijn van zygotische transcriptie. Onze resultaten suggereren dat H3K4me1- afzetting voorafgaat 
aan H3K4me3 en p300 op elementen die onder zygotische controle staan. De aanwezigheid 
van relatief lage ATAC-seq-signalen op zygotisch gedefinieerde p300-regio’s suggereert dat p300-
binding optreedt na de opening van het chromatine.
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No data has been generated for this chapter. 
CHAPTER 2
No data has been generated for this chapter. 
CHAPTER 3
ATAC-sequencing data is deposited at the GEO with accession number GSE145619 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145619)
CHAPTER 4
ATAC-sequencing, single-cell ATAC-sequencing, single-cell RNA-sequencing and bulk RNA- 
sequencing data are deposited under the GEO accession number GSE145619 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145619)
CHAPTER 5
Th e data is locally stored at the university server maintained by C&CZ 
(Radboud University, FNWI)
CHAPTER 6
No data has been generated for this chapter. 
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Ann Rose Bright, born and brought up in Kerala, India, completed High School education in the 
Central School having a CBSE curriculum, enjoying a fellowship from the Central Government, 
and subsequently opted for undergraduate studies in Zoology in the prestigious Sacred Heart 
College accomplishing it with distinction. As part of the curriculum, during the three-year 
program, she worked on ‘Molecular Barcoding of Ornamental Fishes’ and published the work in 
peer-reviewed Journals.
Enrolling in the Master’s program in ‘Genomic Sciences’ at the Central University of Kerala, 
Ann conducted research on the genetic variation between a population of fast-growing  P. 
monodon postlarvae designated as ‘shooters’ from the normal ones using genetic markers availing 
the Post-graduate Indira Gandhi Scholarship Scheme for single girl child of the Govt. of India. 
She continued her research on the same biological question enjoying the Kerala State Committee 
on Science Technology and Environment (KSCSTE) Research Fellowship. 
In November 2013 she was inducted into the ‘DevCom Consortium’ as a Marie Curie Fellow 
under the supervision of Gert Jan Veenstra, Professor, Radboud University, Th e Netherlands 
where she did her Ph.D. thesis titled ‘Chromatin accessibility and gene regulation in early 
Xenopus development. 
Since December 2018, she is Post Doc at Max Planck Institute of Neurobiology, Munich having 
‘Molecular Mechanisms Driving Interneuron Diversifi cation’ in focus.
Being a passionate Researcher, Ann Rose Bright aims high and strive hard to decode dogmas in 
neurobiology to provide succor to those who suff er from neurodegenerative disorders.
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July 11, 2013, marks one of the happiest days in my life. It was one of those days when my email 
was getting refreshed every minute and I had irritated everyone around by being anxious and 
restless. By 6:30 pm arrived the off er letter that had fi nally fulfi lled my dream of doing a PhD 
overseas. Little did I know, in addition to an incredible scientifi c opportunity, I am about to meet 
and experience a beautiful phase of my life. 
Th is section can only begin by thanking my mentor, Prof. Gert Jan Veenstra. Looking back, I 
realize how much I have been mentored as a researcher by you. Th ank you for all the matchless 
guidance, scientifi c wisdom, encouragement and boundless compassion through these trying 
years instilling unfailing optimism. I am honored to be your student and to have been admitted 
into one of the most prestigious Ph.D programs in Th e Netherlands. It provided me with 
tremendous amount of exposure to Molecular and Computational Biology, and I am privileged 
to be part of ‘Veenstra Lab’ and would continue to do my best.
Dr. Tony Grace, Associate Professor, Central University of Kerala, India was the motivator in my 
life to undertake the eff orts for applying to the doctoral studies overseas, from whom I learned 
the basics of Genomic Science which turned out to be the foundation to my future endeavours.
Remember gratefully late Dr. P.C. Sebastian, Associate Professor who opened up great 
opportunities in biological science at molecular level during my undergraduate studies at Sacred 
Heart College, Cochin, Kerala.  
DevCom gave me an excellent opportunity to study and apply Bioinformatics after coming from 
a non-computational background. I am confi dent that every DevCom fellow would agree when 
I say that Simon was one of the best teachers we could ever ask for. Your clear explanations made 
data analysis enjoyable and something I want to continue learn in future. Th e support rendered 
during the manuscript revision was un-forgetful.
Siebe, the one and only person capable of fi xing and bringing everything back to life. When you 
go on vacation, the lab falls apart. Th ank you for the support rendered throughout the project 
period. Your outgoing personality was always a charm to our lab.
DevCom was a life-changing experience.  I had the opportunity to meet amazing Scientists 
and Students from all around the world, visit labs, attend lectures, and engage in scientifi c 
discussions. I thank all Principal Investigators who helped make this venture possible. My 
batchmates Matteo, Mathew Ensieh, Rosa, Giulia, Ines, Lindsay, Marta, Rita, Bilal, Jamie and 
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Panos provided me companionship and support, and the opportunity we had to travel and learn 
together was incredible
Coming to a foreign land to work was not an easy decision. With all of the excitement, I was 
also feeling a little nervous. I was overjoyed and relieved when Gert Jan informed me that there 
was another Indian in the lab. That was Sarita. Thank you for helping me plan my trip and 
settling in. Saartje and Ila, for being great seniors and teaching me about the Xenopus world. 
Matteo, I vividly recall Ila handing us a tub full of frogs and instructing us how to handle them. 
I was terrified back then, and I was glad you were beside me. Late night embryo collections and 
experiments wouldn’t have been fun, it hadn’t been for your and Ila’s company.
George, I still wonder how someone could be so kind. I’ve lost track of how many times I’ve 
come to you for help with my codes. You’ve always been patient in helping and explaining 
everything. Thank you for being such a wonderful friend.
Now it’s time to talk about my favorite teammate, who soon became my sister and dear friend. 
Georgina, without you by my side, I would not have been able to accomplish this journey. I 
couldn’t have asked for a better Ph.D. companion. You are a fantastic scientist and a wonderful 
friend. Thank you very much! I share this achievement with you. Visiting Cold Spring Harbor 
and traveling across the west coast during my Ph.D was one of my favorite experiences. Those 
two weeks were sheer happiness, and a huge credit goes to my beloved friend Jieqiong. You are 
one of the most diligent, optimistic, and kind-hearted person I know. Thank you for always 
being by my side, encouraging and supporting me. Chet, you completed our little group. When 
you’re with us, there’s never a dull moment. I like your persona; please don’t change and continue 
to be wonderful. I miss the lunch breaks we used to have at UMC (except the lunch menu :-P). 
Our small gang had a great time, from exploring new places to hanging out at Georgina’s, from 
ranting over failed experiments to celebrating each other’s successes, I was truly fortunate with 
an incredible group of friends.
Laura and Sabina, our girl gang, and meetup were something I looked forward to. We shared our 
joys and sorrows, and we quickly became friends. Kriti, you brought the desi twist to the lab. It 
was a joy to have someone with whom I could communicate without inhibitions.
Alexia and Erica, I was fortunate to have you both as my students. Thank you for your great 
work, your contribution and the fun times in the Lab. 
Remembering gratefully Late Maria van den Goor, for being the great support system for all the 
students. You always welcomed any query with a sweet smile. You found me my first home in 
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Nijmegen. Tinke and Fritz, Burghardt van den Berghstraat 39, will always have a special place 
in my heart. 
Mayer’s Lab deserves special mention, and I’d like to thank Christian in particular for his 
unwavering support. Th e last months of my thesis writing would have been challenging if you 
hadn’t understood my circumstances and allowed me to take time for my Ph.D work. Th ank you, 
Yana, for making Munich home and making me feel welcomed. Elena, Ilaria, May, Ece, Chao, 
Josue, Andrea and Florian, thank you all for being a wonderful team. 
Nijmegen has gifted me with precious moments and lifelong friendships with amazing people 
who are my family now. It’s diffi  cult to put into words how I feel about them, but I’ll try.
Pooja, my sister and my best friend. I cherish our spontaneous get-togethers, sleepovers, and 
endless chai chit-chats. It’s lovely how we both understand one other. Meal boxes you packed 
for me every time I came from your house made me feel at home, as if I were visiting family. 
Rambir, I admire your vivacity, and your teasing always put a big smile on my face. Bubbu, I was 
fortunate to see you grow into a beautiful, compassionate, and an extremely talented girl.
Dipa, the times you’ve caught me silently crying about something and consoled me, stays close 
to my heart. Birthday parties, amazing food, and play dates with Nikku will always be among my 
fondest recollections of Nijmegen memories. Arghya, you’ve always been a comforting brother 
and friend to me.
Prags, you and your vibrant smile is something I instantly loved. My favorite memory is when 
you stayed at my place.  It felt like relieving a hostel day, from morning tea with a toast to mid-
night updates on how the day went. I wish you lived closer because I’d love to see you more often 
and spend time with Ani and the little one.
Neha, thank you for being a great friend, for checking on me and making it a point to meet up 
with me whenever I’m in Nijmegen. Nivesh, Diwali dance rehearsals wouldn’t be so much fun if 
not for your presence. 
Nincompoops, was born out of a bunch of students who lived away from their families and 
found family in each other.  Despite all our diff erences, we fi tted like a perfect puzzle. You guys 
made Muzenplats home.
From the fi rst week of my arrival in Nijmegen, Panchi, you adopted me in a way. From being 
neighbours to being each other’s personal diaries, you were, and continue to be, the most 
important aspect of my life. Kshiti, it was a wonderful surprise to see how you transformed from 
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a quiet girl to a playful one. Every time I returned to Nijmegen, you made me feel at home. 
Staying with you made me relive Muzenplaats days and strengthened our friendship. Thank you 
so much, my dear. Kirana, our corridor talks are my favorite. How we could go on discussing 
from one topic to another and end up standing at our doorsteps for hours. I remember all the 
times you have made sure that I was doing fine. I miss being your neighbor and annoying you 
:-P. Thank you and our friendship will always be close to my heart. Suhasaa, you are an amazing 
scientist and a great friend. Our mandatory subway coffee, spontaneous meetups at the central 
library, partnering with me and standing strong in support of Grey’s anatomy despite constant 
troll. Thank you very much for everything, especially the last one :-P. Ashu, our chai discussions 
were something I always enjoyed. You’ve always noticed my dull moments and cheered me up. 
You, me and Kirana make the finest travel companions and our trip to Switzerland is my favorite. 
Sana, you bring the most cheerful energy. Our long chit-chats and dance sessions are something 
I always loved. Hari, has grown out from dance partner to best friend and guardian in Munich. 
First and foremost, thank you for coming to Munich, you brought a part of Nijmegen to me. 
Without you, I’m not sure how I’d have made it through the lockdown. Finale months of my 
Ph.D were the toughest, but you made sure I stayed strong and get through it. I know you don’t 
like to hear thank you, but thank you for always being there for me.
Uncle and Aunty, I always felt the love of grandparents from you both. I feel blessed to have met 
you and spent time with you. Tina, you bring such a joyful and upbeat energy to every event. 
Stay as amazing as you are. I wish to thank Raj and Ashimda who made me feel at home as soon 
as I arrived, Renuka, Mrudula, Sonyji, aunty ji, and Lokesh for the enjoyable times. 
Vishnu, thank you for being my best friend and my constant support. Sandeep and Athira, 
coming to a new city felt less intimidating because of you both. Thank you very much! Jayeshetan, 
you are a great scientist and amazing human being. Your suggestions have always aided me in 
getting through difficult situations. 
Whenever I missed being back home, there were a bunch of amazing folks who brought in the 
Malayali vibe in its true sense. A conversation that started on Facebook led me to be a part of 
an awesome gang of friends – “Life”.  I had a wonderful time with you guys, from our weekend 
gatherings at tharavaddu to our vacations to Normandy and Norway to our yearly performance 
at Nanma. Nobychan, Neethu chechi, Sani, Ammu, Deeps, Dibin, PD, Achu, Lalu, Priya, PD, 
Achu, Motty, Minu, Binuchettan, Sumi chechi, Aishu and Vishnu, you all are very very special 
to me. Nobycha and Sani, leaving Nijmegen was one of the hardest things I’ve ever done, and 
you both accompanied me without hesitation. I’ll never forget how comfortable you made the 
trip and how quickly I was able to settle in. I feel blessed.
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Finally, Amma and Papa, two of the most intelligent and compassionate scientists I’ve ever 
known in my life. I owe this thesis to you. Your blessings, unconditional love, and support have 
made me who I am today. You both are my greatest strength, my lifeline, and my everything. You 
have guarded me from all troubles, given me with a secure and happy life. Th e innumerable times 
I have broken down, you have assured me that things will never remain the same, and helped 
me pick myself up again. I would consider myself successful in life if I manage to accomplish a 
miniscule of your lifetime achievements.
With the most beautiful moments with amazing people, this chapter in my life is undoubtedly 
my favorite. 
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